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DESCRIPTION  OF  RESEARCH  PERFORMED  IN  FY  ‘89 

During  the  past  year  significant  progress  was  made  in  generating  soft  x- 
ray  gain  in  small  scale  devices.  A  critical  factor  in  the  application  of  x-ray 
lasers  to  fields  such  as  microscopy  and  microlithography  is  the  scale  and  hence 
cost  of  the  soft  x-ray  lasers.  The  collisionally  pumped  soft  x-ray  laser  in  neon¬ 
like  ions,  developed  at  Livermore1,  requires  a  large  scale  laser  facility  such  as 
Novette  or  Nova  to  create  a  plasma  of  appropriate  conditions.  A  3mJ,  182A  soft 
x-ray  laser  based  on  a  recombining  plasma  was  developed  at  Princeton2  with 
an  efficiency  almost  2  orders  of  magnitude  higher  than  the  collisionally  pumped 
case.  However  the  pump  laser  required,  a  30  \J  CO2  laser,  was  still  large.  In 
order  to  increase  the  output  energy  and  efficiency  of  the  182A  soft  x-ray  laser 
we  have  been  developing  soft  x-ray  amplifiers.  A  gai  '•  c-‘  8cm*1  has  been 
measured  in  a  3mm  long  carbon  piasn  transvei  sely  ,  umped  by  a  3nsec  Nd 
laser  pulse  of  energy  25J,  of  which  only  15J  impinged  on  the  target3.  We  have 
also  demonstrated  amplification  of  4.5  cnr1  in  a  plasma  pumped  by  only  6J4  . 
In  this  report  we  present  the  initial  gain  measurements  at  182A  in  a  carbon 
plasma  pumped  by  a  6J  laser  pulse.  We  will  also  present  some  measurements 
showing  a  non-linear  rise  of  intensity  with  length  in  an  A1  plasma  pumped  by  a 
6  or  12J  laser  pulse  .  We  will  discuss  aspects  of  data  interpretation  and  gain 
measurement  in  such  systems. 

2.  AMPLIFICATION  AT  182A  WITH  A  6J  PUMP  LASER 

In  this  section,  we  present  gain  measurements  on  the  CVI  182A 
transition  in  a  carbon  plasma  produced  with  a  6J,  3  nsec  Nd:glass  laser  pulse. 
The  experimental  set-up  was  the  same  as  presented  in  an  earlier  paper4. 
Figure  1  shows  the  rotatable  target  system  used  .  A  67-cm  focal-length 
spherical  lens  and  450  cm  focal  length  cylindrical  lens  were  operated  in  a 
slightly  defocussed  arrangement  to  produce  a  -200  pm  x  5  mm  line-focus  on  a 
length-varying  cylindrical  target.  The  target  lengths  used  in  this  experiment 
were  1,  2.5,  and  4.5  mm  (  limited  by  the  diameter  of  the  access  ports  in  the 
target  chamber).  A  0.8  x  2  mm  slot  in  a  mask  located  1,5  cm  away  from  the 
target  in  the  axial  direction,  selected  a  limited  spatial  region  which  was  viewed 
by  an  axial  soft  x-ray  spectrometer  equipped  with  a  multichannel  detector.  In 
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the  experiments  the  slot  was  placed  in  such  a  way  that  it  selected  a  spatial 
region  0.0  -  0.8  mm  from  the  target  surface. 

Figure  2  shows  the  intensity  variation  of  the  CV  135A,  OVI  173A, 
CVT  182A,  and  CV  186A  lines  with  respect  to  the  plasma  length  using  a  6J, 
3  nsec,  laser  pulse.  No  stainless  steel  blade  or  magnetic  field  was  used.  The 
CVI  182A  line  (  3-2  transition)  increased  non-linearly  while  the  CVI  135A  (4-2 
transition)  and  some  other  lines  increased  linearly  as  expected  from  optically 
thin  spontaneous  emission  from  a  homogeneous  plasma  of  length  equal  to  the 
length  of  the  target.  This  was  a  clear  indication  of  gain  on  the  182A  line.  The 
difference  in  the  length  dependence  of  the  182A  and  135A  lines  here  is  very 
important  (  the  contribution  of  the  4th  order  of  the  CVI  33.74A  line  to  135A, 
even  for  the  1mm  plasma,  was  negligible  due  to  the  large  opacity  of  this  line). 
The  data  were  fitted  by  a  nonlinear  regression  model5  which  performed  a  least- 
square  fit  of  the  data  to  the  relation: 


l(L) 


( exp  (GL)  -1)3/2 
(  GL  X  exp  (GL.)  )1/2 


(1). 


This  describes  the  output  intensity  of  a  Doppler-broadened, 
homogeneous  source  of  amplified  spontaneous  emission  of  gain-length  product 
GL.  The  fit  yielded  a  value  of  the  gain  of  4.5  /  cm  on  the  CVI  182A  line  and  of 
0.5  /  cm  on  the  CVI  135  A  line  (see  fig.  3).  This  result  augers  well  for  the 
commercial  availability  in  the  near  future  of  relatively  inexpensive  soft  x-ray 
lasers  for  a  variety  of  novel  applications. 

3.  EXPERIMENTS  ON  ALUMINIUM  PLASMAS,  ASPECTS  OF  DATA 
INTERPRETATION 

In  the  above  experiment  the  plasma  length  was  limited  to  4.5mm  by  the 
internal  diameter  of  the  ports  available  in  the  target  chamber  inside  the 
magnet.  A  new  target  chca.  iber  was  constructed  in  which  plasmas  of  length  of 
lcm  or  more  could  be  produced.  This  system  also  had  much  more  flexibility  for 
positioning  and  angular  adjustment  of  the  target  and  detector  (Fig.  4  ).  In  this 
section  we  present  some  results  from  this  system  showing  an  non-linear 
increase  of  intensity  with  length  of  A1X  and  A1XI  lines  in  an  aluminum  plasma. 
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The  lithium  sequence  ions  such  as  A1XI  were  first  used  in  soft  x-ray  laser 
development  by  Jaegle  and  coworkers6,  however  the  present  work  on 
aluminium  plasmas  pumped  with  a  low  energy  Nd  laser  was  primarily 
stimulated  by  the  surprising  results  of  Hara  et.al.7  indicating  gain  on  almost  all 
A1X  and  A1XI  lines  observed.  It  was  a  simple  task  to  repeat  the  experiments  of 
Hara  et.  al.  by  changing  the  target  material  to  aluminium. 

a  Nd  glass  laser,  operated  at  6J  or  12J,  was  brought  to  a  line  focus  by  a 
combination  of  4  lenses.  Two  spherical  lenses  with  a  combined  focal  length  of 
60cm  and  two  cylindrical  lenses  produced  a  sharp  line  focus  12mm  long  with  a 
width  of  50|im  (FVVHM)  on  a  rotatable  aluminium  target,  with  sectors  of  differing 
length  (2,  6,  10mm)  .  Axial  emission  was  detected  by  a  soft  X-ray  multichannel 
spectrometer  “SOXMOS"  8.  SOXMOS  was  attached  to  a  rotatable  arm  pivoted 
under  the  target  so  that  the  angle  it  viewed  could  be  varied  by  ±  2°  with 
respect  to  the  target.  The  target  assembly  was  on  a  platform  that  could  be 
rotated  ±2°  around  a  vertical  axis  so  that  by  combining  the  two  motions, 
emission  over  a  ±4°  axial  range  in  the  horizontal  plane  could  be  recorded.  This 
system  was  designed  to  allow  the  most  precise  alignment  of  the  target  with 
respect  to  the  spectrometer  and  also  enable  the  detection  of  a  stimulated  soft 
X-ray  beam  that  had  been  deviated  from  the  nominal  axial  direction  by 
refraction  in  the  plasma.  A  slot  with  open  area  3mm  high  and  0.35mm  wide 
was  placed  on  axis  4  cm  from  the  target  to  limit  the  view  of  the  spectrometer. 
The  position  of  the  slot  could  be  adjusted  to  view  regions  of  the  plasma  at 
different  distances  from  the  target  surface. 

In  the  experiment  a  search  for  gain  was  performed  by  varying  the 
experimental  parameters  (including  the  target  length)  and  looking  for 
conditions  in  which  the  intensity  of  candidate  lines  increased  with  length  at  a 
rate  that  was  faster  than  linear.  A  faster-than-linear  rise  of  intensity  with 
length  is  commonly  regarded  as  conclusive  evidence  for  stimulated  emission. 

Figure  5  shows  axial  spectra  of  A11V,  OVI,  A1X,  and  A1XI  lines  at  2mm  and 
10mm  target  lengths.  A  dramatic  increase  of  intensity  of  the  A1X  and  A1XI  lines 
is  seen  with  the  10mm  target  as  compared  to  2mm,  while  the  AHV  and  OVI 
lines  show  a  sub-linear  increase.  Figure  6  shows  peak  intensities  taken  at  2,  6, 


and  10mm  laigel  lengths  and  a  curve  fit  to  the  data. 


me  theoretical  fit  was 


derived  from  a  nonlinear  regression  model6  as  in  the  CVI  case.  In  general  the 


transition  linewidth  will  be  a  convolution  of  Stark  and  Doppler  broadening  Tut 
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for  the  present  purposes  we  have  used  the  gain  equation  based  on  the  Doppler 
broadening. 

A  higher  laser  energy  was  used  in  order  to  increase  the  output  intensity. 
Data  taken  at  12J  is  shown  in  Figs.  7  and  8.  Here  the  increase  with  length  is 
even  more  dramatic,  for  instance  the  A1XI  141 A  (3s-4p)  intensity  increases  from 
2mm  to  10mm  by  a  factor  of  x50  and  is  an  excellent  fit  to  the  gain  equation  for 
a  gain  of  G  =  5.1/cm.  The  A1XI  150A  (3p-4d),  154A  (3d-4f)  and  A1X  177 A  (3d-4f) 
lines  also  show  a  length  dependence  which  is  a  very  close  fit  to  the  gain 
equation  at  comparable  values  of  gain.  Similar  results  were  obtained  for  the 
A1XI  105.7A  (3d-5f)  and  103.8A  (5d-3p)  lines. 

The  emission  from  the  plasma  was  recorded  on  a  time-resolving  streaked 
spectrometer9,  “  TGSS  ”  placed  on-axis,  on  the  opposite  side  of  the  plasma  to 
the  spectrometer:  SOXMOS  .  A  free  standing  gold  transmission  grating  with  a 
3000A  period  and  250pm  entrance  slit,  dispersed  the  axial  plasma  emission 
along  the  entrance  slit  of  an  x-ray  streak  camera.  The  entrance  slit  was  12mm 
long,  1mm  wide,  and  coated  with  a  200A  thick  aluminium  photocathode.  This 
grating,  streak  camera  arrangement  resulted  in  a  source-size-limited  spectral 
resolution  for  these  experiments  of  approximately  3A.  The  spectral  range  of  the 
instrument  extended  from  HOA  to  190A. 

The  streaked  image  was  amplified  by  an  image  intensifier  and  recorded 
on  calibrated  TriX  film  placed  in  contact  with  the  output  of  the  image 
intensifier.  The  sweep  speed  was  1.25nsec/mm  resulting  in  a  temporal 
resolution  of  approximately  0.25nsec.  Figure  9  shows  detailed  time  histories  of 
the  154A  and  162A  emission  taken  with  12J  of  laser  energy.  The  emission  had 
a  total  duration  of  6nsec. 


Data  Analysis 


There  are  some  unexpected  features  to  the  data  in  Figs  5-8.  First  of  all, 
every  A1X  and  A1XI  line  observed,  without  exception,  showed  a  non-linear 
increase  with  length.  In  general  the  gain  coefficient  depends  on  the  factors 
shown  in  equation  2: 


J_  1L 

8'/tc  AA 


f  N; 
3Aik  {-£ 


N.,  1 

S I 


(2). 
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Here  G  is  the  gain  coefficient,  and  X  the  wavelength,  g  is  the  statistical 
weight,  the  radiative  transition  probability  and  N  the  population  of  the 
upper  level  i  and  lower  level  k.  The  highest  gain  was  expected  on  the  3-4 
transition  with  the  largest  gA  value  (3d-4f  at  154A),  however  the  data  shows 
high  gain  on  all  the  A1X1  and  A1X  lines  observed,  similarly  to  reference  8. 
Particularly  surprising  was  the  strong  increase  apparent  on  the  A1XI  141 A  line, 
which  has  a  gA  value  much  lower  than  the  150A  and  154A  transitions.  The 
time  history  observed  with  the  streak  camera  showed  no  difference  between  the 
time  evolution  at  154A  and  the  continuum  background  at  162A  (Figure  9). 
Another  unexpected  feature  is  the  large  rise  in  the  background  continuum 
emission,  from  5-10  counts  at  2mm  to  -200  counts  at  10mm.  These  features 
raised  concerns  about  the  homogeneity  of  the  plasma  along  its  length  . 
Specifically,  were  the  level  populations  in  the  region  of  the  2mm  plasma  viewed 
by  the  spectrometer  identical  to  the  conditions  in  the  10  mm  section?  As 
shown  in  4,  the  2,  6  and  10mm  secti'  ns  shared  a  common  boundary  on 
the  spectrometer  end  of  the  target  wheel.  To  test  if  the  plasma  was 
homogeneous  a  target  was  built  with  the  2mm  sections  on  both  ends  of  the 
target  and  the  6mm  section  on  the  end  of  the  target  away  from  the 
spectrometer.  First  the  conditions  were  arranged  so  as  to  reproduce  the 
previous  10mm  spectra  and  then  the  emission  from  the  two  2mm  sections  at 
each  end  of  the  target  was  compared.  It  was  immediately  apparent  that  there 
was  a  large  difference  in  intensify  between  the  2mm  section  at  the  spectrometer 
end  and  the  2mm  section  at  the  opposite  end.  Taking  the  average  of  the  2mm 
results,  the  best  fit  to  the  data  was  now  a  linear  increase  in  intensity  with 
length  as  shown  in  Fig.  10.  'Hie  reason  for  the  non-uniformity  lay  in  a  small 
angle  between  the  target  surface  and  the  region  viewed  by  the  spectrometer 
(Fig.  1 1),  possibly  caused  by  refraction.  To  verify  this,  the  target  was  rotated 
about  a  vertical  axis  to  change  the  position  of  the  plasma  generated  by  the  two 
2mm  sections  with  respect  to  the  region  viewed  by  the  spectrometer.  With  a  2° 
rotation  the  AiXI  154A  emission  from  the  two  ends  became  equal.  In  this 
configuration  however  the  length  dependance  of  the  emission  was  linear.  In 
conclusion;  the  non-linear'  increase  in  Figs  5-8  was  caused  by  geometrical 
effects  and  not  by  stimulated  emission. 

As  noted  before  the  measurement  of  an  exponential  intensify  increase 
with  length  is  commonly  regarded  as  conclusive  evidence  for  gain  (see  for 
instance  ref  However  in  view  of  the  above  results  it  is  clear  that  while  this 
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may  be  an  encouraging  sign  of  gain  it  is  by  no  means  sufficient  proof  that  gain 
is  present.  As  was  done  in  some  earlier  works  (  for  example  references  2,  4,  7, 
10),  it  is  critical  to  monitor  the  emission  from  nearby  spontaneous  emission 
lines  in  the  same  ion,  preferably  lines  with  the  same  lower  level  as  the  lasing 
line,  to  be  assured  that  one  is  viewing  a  homogeneous  plasma  and  that  the 
comparison  of  plasmas  of  differing  lengths  is  a  valid.  This  is  particularly 
important  for  measurements  of  low  gain-lengths,  GL  <  4,  where  the 
enhancement  of  stimulated  as  compared  to  spontaneous  emission  is  less  that 
an  order  of  magnitude. 
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Figure  Captions 


Fig.  1  The  rotatable  target  system. 

Fig.  2  Spectra  obtained  with  6J  laser  energy  from  carbon  plasmas  of  length: 
(a)  1mm,  (b)  2.5mm  and  (c)  4.5  mm  . 

Fig.  3  Intensities  of  the  CVT  182A.  and  CVI  135A  lines  versus  plasma  length 
and  (  dashed  line)  a  least  squares  fit  to  the  gain  equation  (eqn.  1)  with 
a  gain  of  4.5  cm'1  for  the  182A  line. 

Fig.  4  Improved  experimental  set-up  for  gain  measurements  showing  the 
range  of  angular  adjustments  available. 

Fig.  5  Aluminum  spectra  obtained  at  6J  laser  energy  with  target  lengths 
2mm  and  10mm. 

Fig.  6  Dependence  of  the  A1XI  154A  and  A1X  177A  axial  line  intensity  on 
length.  The  line  represents  a  fit  of  the  experimental  points  to  the 
theoretical  gain  equation  (  eqn.  1  in  the  text). 

Fig.  7  Spectra  obtained  at  12J  laser  energy  with  target  lengths  2mm  and 
10mm.  Note  the  xlO  scale  change  from  the  2mm  to  10mm  graph. 

Fig.  8  Dependence  of  the  A1XI  14  lA,  150A,  154A  and  A1X  1 77A  axial  line 
intensity  on  length.  The  line  represents  a  theoretical  fit  of  the 
experimental  points  to  the  gain  equation  (  eqn.  1  in  the  text). 

Fig.  9  Detailed  time  histories  of  (a)  154A  and  (b)  162A  emission  taken  with 
12J  of  laser  energy.  The  fluctuations  are  caused  by  film  grain. 

Fig.  10  (a)  data  showing  the  154A.  intensity  variation  with  length  but  in  this 
case  including  2mm  sections  from  both  ends  of  the  target.  The  6mm 
data  was  from  a  section  at  the  opposite  end  of  the  target  to  the  data  in 
Figs  5-8.  (b)  as  above  but  with  the  target  rotated  by  2°. 

Fig.  1 1  Illustration  of  the  effect  of  a  small  angle  between  the  plasma  and  the 
region  viewed  by  the  spectrometer.  The  comparison  of  plasmas  of 
differing  lengths  cannot  be  used  for  measurements  of  gain  in  this 
case. 
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Figure  Captions 


Fig.  la  The  Target  Chamber  used  to  generate  a  gain  of  4.5  cm-1  at  182A.  Its 
size  is  3"  x  3"  x  6"  . 

Fig.  lb  Schematic  of  the  rotatable  target  system. 

Fig.  2  Spectra  obtained  with  6J  laser  energy  from  carbon  plasmas  of  length: 
(a)  1mm,  (b)  2.5mm  and  (c)  4.5  mm  . 

Fig.  3  Intensities  of  the  CVI  182A  and  CVI  135A  lines  versus  plasma  length 
and  (  dashed  line)  a  least  squares  fit  to  the  gain  equation  (eqn.  1)  with 
a  gain  of  4.5  cm-1  for  the  182A  line. 

F  g  4  Improved  experimental  set-up  for  gain  measurements  showing  the 
range  of  angular  adjustments  available. 

Fig.  5  Aluminum  spectra  obtained  at  6J  laser  energy  with  target  lengths 
2mm  and  10mm. 

Fig.  6  Dependence  of  the  A1XI  154A  and  A1X  177A  axial  line  intensity  on 
length.  The  line  represents  a  fit  of  the  experimental  points  to  the 
theoretical  gain  equation  (  eqn.  1  in  the  text). 

Fig.  7  Spectra  obtained  at  12J  laser  energy  with  target  lengths  2mm  and 
10mm.  Note  the  xlO  scale  change  from  the  2mm  to  10mm  graph. 

Fig.  8  Dependence  of  the  A1XI  141  A,  150A,  154A  and  A1X  177A  axial  line 
intensify  on  length.  The  line  represents  a  theoretical  fit  of  the 
experimental  points  to  the  gain  equation  (  eqn.  1  in  the  text). 

Fig.  9  Detailed  time  histories  of  (a)  154A  and  (b)  162A  emission  taken  with 
12J  of  laser  energy.  The  fluctuations  are  caused  by  film  grain. 

Fig.  10  (a)  data  showing  the  154A  intensity  variation  with  length  but  in  this 
case  including  2mm  sections  from  both  ends  of  the  target.  The  6mm 
data  was  from  a  section  at  the  opposite  end  of  the  target  to  the  data  in 
Figs  5-8.  (b)  as  above  but  with  the  target  rotated  by  2°. 

Fig.  1 1  Illustration  of  the  effect  of  a  small  angle  between  the  plasma  and  the 
region  viewed  by  the  spectrometer.  The  comparison  of  plasmas  of 
uiffeiixig  lengths  cannot  be  used  for  measurements  of  gam  in  this 
case. 
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We  present  recent  gain  measurements  in  C  vt  at  18.22  nm  for  a  soft  x-ray  amplifier  produced  by  a  line-focused  glass 
laser  ( 1  053  nm)  on  a  solid  carbon  target.  The  maximum  gam  measured  was  8  ±  2  cm'1  in  the  recombining  plasma 
column,  with  additional  radiation  cooling  by  iron  impurities. 


Recent  research  in  soft-x-ray  laser  development  is 
progressing  in  the  direction  of  obtaining  shorter  wave¬ 
lengths.  Significant  advances  are  also  being  made  in 
the  XUV  region.  Much  attention  is  being  devoted  to 
the  first  applications  of  these  lasers.  The  possibility 
of  using  soft-x-ray  lasers  for  the  microscopy  of  living 
cells  has  stimulated  research  in  the  development  of  x- 
ray  lasers  operating  in  the  wavelength  region  of  2.33- 
4.37  nm.  the  so-called  water  window.1  -  Impressive 
advances  in  longer-wavelength  XUV  lasers,  such  as 
the  one  recently  demonstrated  at  108.9  nm,u  have 
significant  potential  applications  in  chemistry.  An 
important  point,  however,  that  is  rarely  discussed  is 
the  laser  energy  required  for  these  applications.  For 
example,  in  order  to  record  a  high-resolution  image  of 
a  biological  cell  on  a  photoresist,  substantial  laser 
beam  energy  is  required.  This  is  a  significant  concern 
in  our  current  soft-x-ray  microscopy  experiments,5 
even  for  the  maximum  output  energy  of  our  current 
18.22-nm  laser.6 

We  have,  therefore,  applied  a  significant  effort  to 
increase  the  energy  of  the  18.22-nm  soft-x-ray  laser. 
One  approach  has  been  to  develop  additional  amplifi¬ 
ers.  This  technique  can  also  be  applied  to  the  shorter- 
wavelength  region,  where  our  current  goals  include  the 
generation  of  lasing  action  near  10.0  nm,  using  ions  in 
the  Li-like  sequence,7  and  down  to  1.0  nm,  using  a 
powerful  picosecond  laser  for  selective  excitation.8 

In  this  Letter  we  present  the  first  step  in  developing 
such  amplifiers  by  the  generation  of  gain  in  C  VI  at 
18.22  nm  using  a  Nd:glass  laser  beam  brought  to  a  line 
focus  on  a  solid  carbon  target  in  a  strong  magnetic  field 
(field  lines  parallel  to  the  line  focus).  The  role  of  the 
magnetic  field  is  considered  to  be  less  important  here 
than  in  our  research  in  generating  gain  at  18.22  nm 
using  a  CO2  laser  that  is  point  focused  along  the  mag¬ 
netic-field  axis  because  of  a  much  higher  initial  elec¬ 
tron  density  for  the  1-jim  Ndiglass  laser  than  for  the 
10-jxm  CO2  laser.  However,  in  the  future  we  plan  to 
combine  this  amplifier  with  our  C02-laser-pumped, 
magnetically  confined  soft-x-ray  laser;  thus  it  is  neces¬ 
sary  that  the  Nd:glass-laser-pumped  amplifier  also 
work  in  a  magnetic  field  and  have  a  similar  transverse 
dimension. 


In  the  experiments  the  maximum  pumping  laser 
energy  used  was  40  J,  which  was  limited  by  the  area  of 
the  beam  input  optics,  and  the  pulse  duration  was  3 
nsec.  The  5.1-cm-diameter  laser  beam  was  line  fo¬ 
cused  onto  the  cylindrical  target  by  the  combination  of 
a  67-cm  focal-length  spherical  lens  and  a  450-cm  focal- 
length  cylindrical  lens  (Fig.  1).  The  dimensions  of  the 
line  focus  were  ~100  nm  X  5  mm.  The  length  of  the 
line  focus  was  limited  by  the  size  of  the  magnet  port. 
One  of  the  features  of  the  target  system  was  the  capa¬ 
bility  of  rotating  the  target  so  that  for  every  shot  a 
fresh  target  surface  is  exposed  by  the  laser.  A  similar 
condition  was  created  in  the  experiments  performed 
by  Jaegl§  et  al?  by  translation  of  a  plane  aluminum 
target.  The  gain  was  measured  by  changing  the  target 
length  and  hence  the  plasma  length,  as  shown  in  Fig.  1. 

Another  feature  was  a  stainless-steel  blade  in  front 
of  the  target.  The  0.25-mm-thick  stainless-steel 
blade  was  placed  0.8  mm  from  the  target  s,  rface.  The 
function  of  the  blade  was  to  provide  an  additional 
cooling  source:  fully  stripped  carbon  ions  in  the  laser- 
produced  plasma  interact  with  the  blade  and  cool  rap¬ 
idly  through  thermal  conduction  and  line  radiation. 
The  concept  of  conductive  cooling  by  a  metal  plate  was 
first  suggested  by  Bhagavatula  and  Yaakobi.10 

Experiments  with  a  target  without  the  stainless- 
steel  blade  showed  significantly  lower  gain:  with  32  J 
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Fig.  1.  The  rotatable-target  system.  B,  An  axial  magnetic 
field. 
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Fig.  2.  Experimental  spectra  obtained  by  a  XUV  spec¬ 
trometer  for  plasma  lengths  of  (a)  1  mm,  (b)  2  mm,  and  (c)  3 
mm  with  25  J  of  laser  energy  and  a  magnetic-field  strength  of 
50  kG. 


of  laser  energy  a  gain  of  4.5  cm-1  was  measured  with 
the  blade,  compared  with  0.4-0.8  cm-1  without  the 
blade.  A  limited  spatial  region  is  selected  by  a  slot  in  a 
mask  1.5  cm  from  the  target  in  the  axial  direction  and 
viewed  by  a  soft-x-ray  spectrometer  located  2.6  m 
from  the  target  in  the  axial  direction.  For  the  data 
presented  below  the  slot  size  was  0.8  mm  X  2  mm,  and 
the  near  edge  of  the  slot  was  0.5  mm  from  the  target 
surface.  Hence  the  region  selected  by  the  slot  includ¬ 
ed  an  area  surrounding  the  blade. 

Experiments  in  which  the  radial  distance  from  the 
edge  of  the  slot  to  the  target  was  varied  indicated  that 
C  VI  was  abundant  in  the  region  0-2  mm  from  the 
target  surface.  The  region  selected  by  the  slot  for  the 
gain  measurements  (0.5— 1.3  mm  from  the  target  sur¬ 
face)  was  judged  to  have  the  most  favorable  conditions 
for  gain. 

Figure  2  shows  the  experimental  data  recorded  with 
an  axial-grazing-incidence  soft-x-ray  spectrometer. 
The  angle  of  incidence  was  88°,  and  the  Intensities  of 
multiple  orders  were  negligible.  It  was  equipped  with 
a  1200-groove/mm  grating  at  a  blaze  angle  of  1°  and  a 
multichannel  detector.  The  intensity  dependences  of 
the  C  vi  13.50-nm,  C  VI  18.22-nm,  and  C  v  18.67  nm 


lines  with  respect  to  plasma  length  are  shown.  The 
data  were  obtained  with  25  J  of  laser  energy  and  the 
stainless-steel  blade  and  slot  dimensions  as  described 
above.  The  magnetic  field  was  50  kG.  In  the  experi¬ 
ments  we  found  that  the  variation  of  laser  intensity 
over  the  line  focus  limited  the  length  of  the  plasma, 
over  which  gain  could  be  achieved,  to  approximately  3 
mm.  Attempts  to  create  a  uniform  plasma  longer 
than  3  mm  showed  that  a  C  vi  13.50-nm  intensity 
increased  less  than  linearly.  This  indicated  that  the 
weaker  laser  intensity  beyond  the  central  3-mm-long 
region  did  not  create  the  same  plasma  conditions  as  in 
the  central  region.  For  the  gain  measurements  plas¬ 
ma  lengths  of  1, 2,  and  3  mm  were  used,  and  the  plasma 
uniformity  is  evidenced  by  the  linear  increase  of  the  C 
VI  13.50-nm  intensity  with  length.  Emission  by  iron  is 
clearly  seen  in  the  spectra.  The  18.22-nm  line  from  C 
VI  is  blended  with  a  line  of  similar  wavelength  from  Fe 
XI  18.22  nm.  Without  correction  for  contamination 
due  to  Fe  XI  18.22  nm,  the  estimated  gain  is  5  ±  2  cm-1. 
The  line  intensity  of  Fe  XI  18.22  nm  is  known  to  be 
approximately  the  same  as  those  of  Fe  XI  18.11  and 
18.48  nm.11  Since  the  Fe  XI  18.11-,  18.22-,  and  18.48- 
nra  lines  originate  from  the  same  3p,!3d  upper  level, 
the  use  of  line  intensity  ratios  in  Ref.  11  provides  a 
reasonable  approximation  in  estimating  the  contribu¬ 
tion  of  Fe  XI  18.22  nm.  The  average  of  the  line  inten¬ 
sities  of  Fe  XI  18.11  and  18.48  nm  is  used  in  correcting 
the  line  intensity  of  C  VI  18.22  nm.  In  Fig.  3  the 
corrected  line  intensities  of  C  VI  18.22  nm  (integrated 
over  time  and  frequency)  are  plotted  versus  the  plas¬ 
ma  length.  The  data  have  been  fitted  by  the  relation 1* 
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Fig.  3.  Intensities  of  C  vi  18.22  nm  (filled  circles)  and  13.50 
nm  (open  circles)  versus  plasma  length  with  25  J  of  laser 
energy  and  a  magnetic-field  strength  of  50  kG.  A  stainless- 
steel  blade  was  placed  in  front  of  the  target  for  rapid  cooling. 
The  dashed  curve  is  a  theoretical  gain  curve  of  8.1  cm"';  C  vi 
13.50  nm  increases  linearly. 
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which  describes  the  output  intensity  of  a  Doppler- 
broadened,  homogeneous  source  of  amplified  sponta¬ 
neous  emission  of  gain-length  product  G.  The  theo¬ 
retical  gain  curve  of  g  =  8.1  cm-1  is  shown  in  Fig.  3.  It 
can  clearly  be  seen  that  the  C  vi  I8.22-nm  line  in¬ 
creases  exponentially  and  that  the  C  vi  13.50-nm  line 
increases  linearly  with  the  plasma  length.  The  13.50- 
nm  line  is  expected  to  have  much  less  gain  than  the 
18.22-nm  line  owing  to  its  lower  transition  rate  and 
shorter  wavelength. 

In  conclusion,  we  have  demonstrated  a  high  gain  of  8 
±  2  cm-1  at  18.22  nm  in  C  VI  using  the  newly  developed 
carbon  target  system  pumped  with  a  25-J,  3-nsec 
Nd:glass  laser.  We  plan  to  combine  this  amplifier 
with  the  present  soft-x-ray  18.22-nm  laser  in  a  CO2- 
laser-produced,  magnetically  confined  carbon  plasma 
in  order  to  increase  the  beam  energy.  The  output 
energy  is  an  important  issue  for  the  application  of  a 
soft-x-ray  laser  to  x-ray  microscopy  and  may  be  a 
significant  obstacle  in  the  utilization  of  systems  with  a 
small  aperture  of  the  lasing  medium. 13 
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Soft  X-ray  Lasers  and  Their  Applications 
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Ti  .  nerging  technology  of  soft  x-ray  lasers  has  novel 
ap  -tions  to  microscopy,  lithography,  and  other  fields. 
ThL  .rticle  describes  the  status  of  soft  x-ray  laser  research 
wit  .he  aim  of  bringing  the  rapid  developments  in  this 
field  to  the  attention  of  potential  users  in  other  disci¬ 
plines.  The  different  techniques  for  generating  a  popula¬ 
tion  inversion  and  producing  a  soft  x-ray  laser  are  re¬ 
viewed.  The  status  of  current  research  in  the  field  and  the 
near-term  prospects  are  described.  It  is  expected  that  the 
range  of  potential  applications  of  soft  x-ray  lasers  will 
increase  as  their  performance  improves.  Work  aimed  at 
increasing  the  output  power  and  progressing  to  shorter 
wavelengths  with  these  devices  is  also  reviewed. 


Laser.,  operating  at  x-ray  wavelengths  have  been 
sought  after  since  the  invention  of  the  first  lasers  in  1960, 
because  of  their  intrinsic  interest  and  also  because  their 
ultrahigh  brightness  and  short  wavelengths  made  them  ideal  for  a 
variety  of  applications.  However,  the  ereation  of  a  population 
inversion  in  highly  ionized  ions  necessary  for  x-ray  laser  action 
places  severe  demands  on  the  required  pump  source,  and  for  this 
reason  soft  .vray  lasers  remained  an  elusive  dream  until  1984.  The 
first  demonstration  of  lasing  action  in  the  soft  x-ray  region  by 
groups  at  Lawrence  Livermore  National  Laboratory'  and  Princeton 
University  in  1984  has  been  followed  by  work  at  a  number  of 
laboratories  around  the  world.  At  present,  rapid  progress  is  being 
made  in  the  extension  of  the  operating  w  avelength  range  and  power 
of  these  devices  and  in  the  development  of  small-scale  and  relatively 
low  -cost  soft  x-ray  lasers  suitable  for  widespread  application  to  fields 
such  as  microscopy  and  microelectronics. 

Recent  work  at  a  number  of  laboratories  has  been  aimed  toward 
the  development  of  soft  x-ray  lasers  in  wavelength  regions  shorter 
than  20  nm  and  of  lasers  in  the  vacuum-ultraviolet  (VUV)  region 
near  100  nm  and  below.  Noteworthy  arc  the  achievements  of  very 
high  gain  i much  above  saturation)  in  Cs  near  90  nm  with  relatively 
low  pumping  power  as  demonstrated  by  the  Stanford  group  {!),  the 
generation  of  very  high  power  density  radiation  (above  1018  W 
«tT:)  for  application  to  soft  x-ray  lasers  by  the  Chicago  group  (2), 
and  theoretical  work  on  “tabletop”  VUV  lasers  at  30  to  40  nm  with 
the  use  of  Ni-like  or  Nd-like  ions  by  the  Massachusetts  Institute  of 
Technology  group  (J).  The  experimental  and  theoretical  work  at 
Princeton  (4-8)  includes:  (i)  the  development  of  a  powerful  subpi¬ 
cosecond  laser  system  chat  uses  a  new  approach  in  x-rav  laser 
development  to  generate  soft  x-ray  spectra,  (n)  a  theoretical  model 
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for  atoms  in  very  strong  electromagnetic  fields;  and  mu  improve¬ 
ment  of  the  present  18.2-nm  laser  and  its  application  to  soft  x-ray 
microscopy.  The  existing  soft  x-ray  laser  at  Princeton  is  pumped  by  a 
commercial  300-J  CO;  laser  and  has  a  wavelength  of  18.2  nm.  an 
output  energy  of  1  to  3  mj,  a  pulse  duration  of  10  to  30  ns.  and  a 
beam  divergence  of  5  mrad. 


Soft  X-ray  Laser  Research 

Although  soft  x-ray  laser  research  was  pursued  in  the  19"0s.  the 
field  came  of  age  in  1984  vv  ith  the  first  unambiguous  demonstration 
of  high  gain  by  groups  at  Lawrence  Livermore  National  Laboratory 
(9)  and  Princeton  University  ( 10).  These  two  groups  used  different 
approaches  to  generate  gam  (see  Fig.  1),  and  these  approaches  have 
formed  the  basis  of  all  successful  work  on  soft  x-ray  lasers  since  that 
time,  (i)  The  recombination  approach  is  based  on  H-like  or  Li-like 
ions.  (ii)  The  collisional  excitation  approach  is  based  on  Ne-like  or 
Ni-like  ions. 

Both  schemes  rely  on  high-power  pulsed  lasers  to  create  the 
appropriate  conditions  in  a  plasma,  and  in  both  schemes  the 
population  inversion  necessary'  for  stimulated  emission  and  gain  is 
brought  about  by  fast  radiative  decay  of  the  lower  level.  In  the 
recombination  approach  for  H-like  ions,  a  laser  is  used  to  create  a 
plasma  with  a  high  fraction  of  totally  stripped  ions.  After  the  laser 
pulse,  the  plasma  is  cooled  rapidly  and  undergoes  fast  three-body 
recombination.  In  some  cases  the  plasma  is  cooled  by  adiabatic 
expansion.  One  unique  feature  of  the  Princeton  laser  is  that  the 
plasma  is  confined  in  a  magnetic  field  and  cooled  by  radiation  losses 
The  magnetic  field  maintains  a  high  electron  density,  which  is 
beneficial  because  the  three-body  recombination  rate  scales  as  the 
electron  density  squared.  It  also  helps  to  shape  the  plasma  into  a 
long  thin  geometry  suitable  for  a  laser  and  enables  an  efficiency  to  be 
attained  that  is  almost  100  times  higher  than  other  operational  soft 
x-ray  laser  systems.  Three-body  recombination  puts  into  upper 
excited  levels  a  high  population,  which  decays  downward  by 
collisional  radiative  cascade.  In  hydrogenic  ions,  level  2  decays 
rapidly  bv  radiation  and  a  population  inversion  is  built  up  between 
levels  3  and  2.  The  atomic  structure  of  Li-like  ions  is  similar  to  that 
of  H-like  ions,  and  the  same  approach  works  in  this  system  also  ( 1 1, 
12).  In  this  case  the  3-2  transitions  have  a  high  radiative  decay  rate, 
and  gain  can  be  generated  on  the  4-3  and  5-3  transitions  The  Li- 
like  sequence  has  the  advantage  of  a  shorter  wavelength  lasing 
transition  for  ions  of  similar  ionization  potential,  that  is,  a  better 
“quantum  efficiency.” 

The  Ne-like  scheme  was  applied  at  Lawrence  Livermore  National 
Laboratory.  Here  a  high-density,  high-temperature  plasma  is  gener¬ 
ated  by  a  large  Nd  laser,  Novettc  or  Nova.  In  the  Ne-like  plasma,  a 
large  population  of  ions  is  coilisionally  excited  to  the  3 p  level.  The  3s 
level  has  a  relatively  low  population  since  it  has  a  fast  radiative 
transition  to  ground,  and  a  population  inversion  is  built  up  between 
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Fig.  1.  Partial  energy  level  diagram 
of  the  two  successful’ soft  x-ray  laser 
schemes. 


the  3j»  and  3.-  let  els.  Tile  same  scheme  also  works  in  Ni-like  ions,  and 
here,  as  in  the  case  ut  Li-like  ions,  there  is  an  achantage  in  using  the 
Ni-like  sequence  to  access  the  shortest  possible  wavelengths.  A 
recent  renew  of  work  at  Livermore  is  given  in  \  l.h.  The  ambitious 
goal  of  the  Livermore  work  is  to  develop  a  high-brightness,  high- 
coherence  soft  x-rav  laser  in  the  wavelength  range  4.0  to  5.0  nm  for 
high-resolutum  holographic  imaging  of  biological  specimens.  One 
step  in  this  direction  was  the  recent  achievement  of  a  gain-length 
i(<Lt  of  =4  at  4.48  nm  in  Ni-like  Ta.  In  summary .  both  approaches 
use  a  laser  to  create  an  appropriate  plasma  and  rely  on  fast  radiative 
decav  to  deplete  the  lower  level  in  order  to  generate  a  population 
inversion.  The  major  difference  is  that  in  one  case  the  upper  level  is 
populated  through  recombination  and  in  the  other  it  is  populated  by 
collisiona!  excitation. 

A  number  of  laboratories  around  the  world  are  heavily  engaged 
in  sott  \-rav  laser  research.  We  would  like  to  mention  the  pioneering 
work  ot  Pert  and  Ramsden  and  their  colleagues  1 14)  at  Hull  in 
England  on  the  recombination  scheme  for  C  fibers  at  18.2  nm, 
which  was  later  taken  up  at  the  Rutherford  Appleton  Laboratory 
i  /3).  This  work  is  now  pan  of  an  international  effort  involv  mg  seven 
different  institutions  in  England.  France  tOrsay ),  Japan  (Institute 
tor  Laser  Engineering!,  and  the  United  States  (Naval  Research 
Laboratory  i.  The  soft  x-ray  laser  experiments  of  Jaeglc  et  ,tl.  (II) 
originated  from  the  observation  of  a  bright  line  at  10.57  nm  in  an  Al 
plasma.  This  previously  unknown  line  was  identified  as  the  3«/— 5 / 
line  of  Li-like  Al.  Confirmation  that  this  line  was  due  to  amplifica¬ 
tion  of  spontaneous  emission  was  obtained  from  measurements  of 
the  plasma  absorption  or  gain  over  the  observed  spectrum.  A  clear 
peak  was  seen  at  10.57  nm,  corresponding  to  a  gain  of  up  to  2.5 
cm*1.  More  recently,  experiments  with  a  6-cm-long  plasma  have 
resulted  in  a  gain-length  of  CL  «  3.0.  Use  of  a  soft  x-ray  mirror 
with  a  reflectivity  of  5%  in  a  double-pass  arrangement  resulted  in  an 
effective  gain-length  of  CL  «  4.  Gain-lengths  of  up  to  GL  =  2.7  on 
the  3i/-4/and  3i/-5/transitions  in  Li-like  Al  have  also  been  reported 
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Fig.  2.  Plot  of  gain- 
length  achieved  to  date 
versus  wavelength  (S- 
20).  The  dashed  line 
marks  CL  =  4.6,  which 
corresponds  to  an  en¬ 
hancement  of  10. 


by  Moreno  et  al.  ( 16). 

The  recombination  approach  has  been  used  at  the  Laboratory  for 
Laser  Energetics  at  Rochester  University-  (17)  to  produce  gain  on 
the  CVI  18.2-nm  transition  in  a  radiation-cooled  Se/Formvar 
plasma.  The  collisional  excitation  scheme  has  also  been  demonstrat¬ 
ed  by  a  group  at  the  Naval  Research  Laboratory  ( 18)  at  wavelengths 
from  19.5  to  28.5  nm  in  Nc-like  Ge  and  Cu.  This  experiment  used 
less  demanding  technology-  than  the  scheme  at  Livermore:  a  lower 
power  driver  laser  (350  to  485  J  operating  at  the  fundamental 
wavelength  of  1,05  pm)  and  simple  slab  targets  rather  than 
exploding  foils.  Interestingly,  the_J=2-_/=  l  gain  coefficient  (J  is  the 
angular  momentum  quantum  number)  of  G  =  4  1  cm'1  observed 
w  ith  single-sided  illumination  of  a  thick  slab  of  Gc  was  comparable 
to  that  obtained  by  the  Livermore  group  with  an  Se  film  target  that 
was  illuminated  from  both  sides.  Also  for  the  first  time  the  Cu  J= 0 
to  J=  1  line  showed  a  G  comparable  to  that  for  the _/=2-_/=  1  lines, 
in  agreement  with  theoretical  predictions  In  Japan.  Herman  t-r  if 
( 19)  have  demonstrated  gain  at  various  wavelengths  including  a 
measurement  of  G  of  2  cm*1  in  the  8.1-nm  transition  in  H-like  F 
Kato  t-r  id.  (20)  have  reported  GL  =  1  at  5  4  nm  and  CL  -  0  9  at 
4.5  nm,  but  their  experimental  data  have  been  criticized  as  being 
ambiguous  and  unconv  incing.  Very  recently  there  has  been  a  report 
by  Hara  t-r  a I.  (21)  of  gain  in  the  soft  x-ray  region  produced  by  a 
small-scale  (6-J)  pump  laser  The  presence  of  gain  was  deduced  from 
the  nonlinear  rise  in  intensity  with  length  of  Al  X  and  Al  XI 
emission  lines.  However,  in  contrast  to  earlier  work  by  Kim  t-r  ,il  i ; 
6,  I2)s  the  nonlinear  rise  of  the  “gain  lines”  with  plasma  length  was 
not  referenced  to  a  linear  rise  of  “no-gain  lines”  in  Al  XI  such  as  the 
14. 1  -nm  transition,  leaving  open  the  possible  influence  of  other 
effects  (such  as  gradients  in  the  plasma  temperature  along  the  plasma 
region  viewed  by  the  detector)  that  could  also  produce  a  nonlinear 
intensity  rise.  Clarification  of  this  point  would  be  valuable  as  this 
result,  if  verified,  would  add  to  earlier  work  (5,  6)  with  very- 
favorable  implications  for  the  commercialization  of  soft  x-ray  lasers 

A  third  potential  method  to  achieve  soft  x-ray  lasing  is  resonant 


Wavelength  (A) 

Fig.  3.  Carbon  spectra  obtained  with  a  Teflon  target  (A)  without  pulse 
compression  (20-GW  laser  power;  £  =  20  mj  (200  shots).  Ar  =  1  ps j  and 
(B)  with  pulse  compression  and  final  KrF*  amplifier  [0.3-TW  laser  power. 
E  =  100  mj  (5  shots),  Al  =  300  fs).  (Adapted  from  (4)  with  permission  of 
the  Optical'Society  of  America) 
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photopumping  tn  a  two-component  plasma  (22).  Resonant  pho- 
toexcitation  has  been  recently  demonstrated  in  die  soft  x-ray  range 
by  Montcr  et  ,1/  iJ?.']  A  H-likc  A1 XIII  resonance  line  was  used  to 
pump  a  Nc  like  Sr  XXIX  resonance  line,  resulting  in  an  increase  of  a 
factor  of  2  in  fluorescence  from  the  upper  state  of  the  pumped 
transition  However,  the  pumping  efficiency  was  less  than  expected. 
Several  difficulties  need  to  be  overcome  if  this  method  is  to  be 
successftillv  applied  to  generating  soft  x-ray  lasing. 

The  current  state  ut  the  art  is  represented  in  Fig.  2,  which  shows 
GL  versus  wavlength.  High  CL  values  have  been  achieved  over  a 
v  ariety  of  vv  avelengths.  although  m  general  there  is  a  failotfin  gain  as 
the  wavelength  approaches  the  'water  window"  region.  2.4  to  4.4 
nm,  important  for  biological  applications.  It  is  only  when  GL 
exceeds  4  6  that  the  output  intensity  exceeds  spontaneous  emission 
by  more  than  an  order  of  magnitude  and  one  can  talk  about  a  soft  x- 
rav  laser  beam.  A  number  of  groups  are  investigating  the  physics 
relev  ant  to  more  efficient  or  shorter  w  avelength  schemes,  in  particu¬ 
lar  Harris  and  his  colleagues  1 24i  and  Murname  et  a/.  who  are 

working  on  Auger  ionization,  and  Bover  ct  a/.  t26>,  who  are 
working  on  multiphoton  processes  More  details  of  the  current 
research  directions  are  contained  in  |2~j.  For  special  journal  issues 
devoted  to  soft  x-ray  lasers,  see  (28.  29). 


Soft  X-ray  Laser  Research  at  Princeton 

AppioaJi  fan mi.I  a  /-imi  x-ray  Liter.  The  main  difficult)  in  approach¬ 
ing  shorter  and  shorter  wavelengths  is  the  requirement  for  very  large 
increases  in  pumping  power.  For  example,  for  soft  x-rav  lasers 
pumped  primarily  bv  recombination  or  electron-excitation  process¬ 
es,  tile  pumping  power  P  is  proportional  approximately  to  A*4  for 
constant  gain  G.  This  follows  from  a  simple  relation  between  gam, 
wavelength  A,  and  population  inversion  A.\,nv  [see  (J0)|. 

G  ~  X4  A.Yin> 

where 

2uY,nv  -  P 

Therefore,  in  order  to  decrease  the  lasing  wavelength  from  10  to  1 
nm.  the  pumping  power  must  be  increased  approximately  by  a 
factor  of  104. 

The  recombination  laser  at  Princeton  presently  operating  at  18.2 
nm  requires  a  laser  pumping  energy  of  -300  J.  Without  changing 
pulse  length,  the  energy  for  lasing  at  1 11m  would  need  to  be  on  the 
order  of  tens  of  megajoules.  Because  the  size  and  cost  of  a: laser 
increase  dramatically  with  energy  jbut  not  with  power),  such  a 
system  would  be  very  large  and  very  expensive.  Thus,  a  great  deal  of 
attention  in  soft  x-ray  laser  development  is  being  devoted  to  schemes 
in  which  metastable  and  autoionizing  levels  can  be  used  for  storing 
pumped  energy,  as  proposed  by  Harris  (J/),  or  schemes  basedon 
very  short  ipicosecond  and  subpicosecond)  pumping  pulses  (32), 
This  second  approach  is  particularly  attractive  because  the  upper 
state  lifetime  is  of  the  order  of  10"12  to  10"13  s  for  a  transition 
wavelength  of  =1  nm.  Therefore,  pumping  is  required  only  for  a 
picosecond  or  subpicosccond  time  interval.  After. this  time,  energy 
would  just  be  wasted  in  heating  the  target  material. 

Lasers  with  beam  energy  of  order  of  only  1  J  and  pulse  duration 
of  1  ps  can  provide  very  high  power,  P  —  I0*2  W.  Even  more 
important,  such  a  laser  operating  in  the  L'V  range  (for  example, .the 
KrFexcimer  laser.vvith  wavelength  0.25  jam)  canbe  focused  to  a  2- 
to  3-jim  spot,  providing  a  power  density  in  excess  of  1018  W  cm"2 
(with  corresponding  electric  field  -1011  V  cm"'  =  10  kV  nm"1) 
on  target.  With  this  power  density  it  is  possible  to  provide 
multiphoton  excitation  and  multiphoton  ionization  of  highly  ion- 

30  march  1990 


ized  ions  and  use  such  processes  for  the  creation  of  population 
inversion  and  gain  at  vv  avelengths  down  to  1  nm. 

It  is  very  difficult,  however,  to  both  create  highly  ionized  ions  and 
provide  selective  multiphoton  excitation  of  such  ions  with  a  single 
laser.  Therefore,  we  proposed  in  1986  the  use  of  two  lasers  (33 1.  The 
role  of  the  first,  high  energy  but  low  -power  laser  ifor  example,  0.5- 
kj,  50-ns  CO;  or  100-J,  3-ns  Nd/YLF  laser,  where  YLF  is  yttrium 
lanthanum  fluoride)  is  to  create  a  plasma  column  of  highly  ionized 
ions  that  may  be  confined  in  a  strong  magnetic  field.  The  role  ot  the 
second,  extremely  high  power  laser  (~1*TW  KrF  laser  j  is  to 
generate  gain  by  multiphoton  ionization,  very  fast  ionization  itor 
example,  inner  shell  ionization i,  or  selective  multiphoton  excitation. 
More  details  about  the  Powerful  Picosecond  iSub-Picosecondi 
Laser  iPP-Laserj  system  are  presented  by  Meixler  ct  .1/.  eh. 

One  of  our  first  experiments  w  ith  such  a  high-power  density  laser 
beam  w  as  a  measurement  of  soft  x-ray  spectra  for  C  and  F.  The  laser 
beam  was  focused  on  a  rotating  cy  lindrical  Teflon  target  w  hile  a  soft 
x-ray ,  grazing  incidence  Schwob-Fraenkel  spectrometer  ,SOXMOSi 
w  ith  multichannel  detector  monitored  the  plasma  radiation  from  die 
target  surface.  Figure  3B  shows  the  spectrum  in  the  vicinity  of  the 
C  VI  3.37-nm  and  C  V  4.03-nm  lines  (both  from  2  -*  1  transi¬ 
tions).  In  addition  to  the  enormous  line,  broadening,  one  can  see  a 
strongly  pronounced,  unusual  structure  in  the  lines.  Both  broaden¬ 
ing  and  satellite  structure  arc  larger  in  the  spectrum  obtained  at  high 
power  than  in  the  spectrum  obtained  at  lower  power  (Fig.  3A).  On 
the  red  side  of  the  lines,  several  satellite  lines  can  be  identified  (2p2i- 
L2s  at  3.42  and  3.45  nm,  2j:-L2p  at  3.55  nm,  and  1.-2j2/x—  l..:2..  at 
4.09  nmj.  In  addition,  there  is  a  component  at  3.3  nm  on  the  blue 
side  of  the  C  VI  3.37-nm  line.  It  should  also  be  noticed  that  the 
number  of  shots  needed  for  these  short-vv  avelength  spectra  is 
proportional  not  to  the  laser  beam  energy  but  rather  to  its  power. 
(The  energy  of  the  laser  beam  increased  by  a  factor  of  5  while  the 
number  of  shots  decreased  by  a  factor  of  20.)  In  spectra  obtained 
earlier  with  the  20-  to  30-GW  PP-Laser  (1016  W  cm"2),  part  of  the 
large  broadening  and  asymmetry  of  the  F  VII  lines  in  the  spectral 
region  from  12.0  to  14.0  nm  was  attributed  to  the  Stark  effect  and 
radiation  from  the  forbidden  components  of  the  lines  (34).  Very 
recently,  Koshelev  (35)  interpreted  asymmetric  broadening  of  the 
F  VII  lines  to  be  a  result  of  satellite  line  radiation.  Spectral  lines  of 
C  VI,  C  V,  and  F  VII  excited  by  the  very  high  power  beam  seem  to 
indicate  a  complicated  satellite-type  structure.  Of  course,  the  very 
strong  electric  field  created  by  such  a  laser  beam  may  be  partially 
responsible  for  these  effects.  Spectroscopic  measurements  for  differ¬ 
ent  targets  as  well  as  experiments  in  which  a  highly  ionized  plasma  is 
initially  generated  by  CO;  or  Nd/YLF  lasers  and  then  excited  by  the 
PP-Laser  should  enable  us  to  develop  a  clearer  picture  of  the 
behavior  of  highly  ionized  ions  in  strong  laser  fields. 

Development  of  an  additional  amplifier  at  18.2  nm.  Presently,  the 
highest  beam  energy  of  our  soft  x-ray  laser  (SXL)  (36)  at  18.2  nm 
(C  VI  3-2  transition)  pumped  by  a  300-J  CO;  laser  in  a  90-kG 
solenoidal  magnetic  field  is  3  mj  with  a  3-min  repetition  rate.  At 
present,  the  beam  energy  is  one  of  the  most  important  parameters 
for  applications  of  the  SXL.  In  order  to  increase  it,  we  have 
developed  an  additional  SXL  amplifier  (3  mm  long)  at  18.2  nm  that 
is  pumped  by  a  Nd/YLF  laser  beam  line-focused  onto  a  C  target. 
Thin  Fe  blades  in  the  front  of  the  targets  provide  additional 
radiation  cooling  of  the  plasma  column.  We  have  demonstrated  gam 
up  to  G  =  8  cm"1  in  one  SXL  amplifier  with  15  I  of  Nd/YLF  laser 
beam  energy  on  target  [see  Kim  et  al.  (5,  6)  J.  The  axial  spectra  in  the 
vicinity  of  the  lasing  line  C  VI  18.2  nm  (3-2  transition)  and  in  the 
vicinity  of  G  VI  13.5  nm  (4-2  transition)  were  measured  for  1-,  2-, 
and  3-mm-long  targets.  A  striking,  nonlinear  increase  in  the  intensi¬ 
ty  of  the  18.2-nm  line,  in  comparison  to  near-linear  increase  in 
intensity  of, the  13.5-nm  line,  may  be  seen  in  Fig.  4. 
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Fig.  4.  Gain  measurement  for  C  VI 
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Cu  n)  .In  lUipmuit.  A  laser  cav  in  can  increase  die  brightness  of  the 
$XL  beam  by  se\  eral  orders  of  magnitude  by  decreasing  die 
divergence  to  a  value  close  to  the  diffraction  limit.  In  order  to 
establish  the  proper  cavity  modes,  a  number  of  passes  through  die 
gain  medium  are  needed  and  a  relatively  long-duration  gain  is 
necessary  iG L  **  4  for  several  cavity  round-trip  times).  In  our  early 
work,  using  a  newly  developed  multilayer  mirror  id-),  we  demon¬ 
strated  a  120%  increase  in  18.2-nm  radiation,  due  to  amplification 
ot  stimulated  emission,  by  using  a  mirror  with  a  reflectivity  of only 
12%  Jtf).  However,  the  nurror  alignment  posed  tremendous 
difficulties,  which  practically  made  it  impossible  to  develop  a  cavity 
in  the  original  SXL  setup.  We  have  therefore  designed  an  unstable 
resonator-tv  pe  cavity  with  a  transversely  pumped  C  fiber  as  the 
lasing  medium.  The  same  cavitv  will  also  be  used  for  a  1-cm-iong 
SXL  created  bv  a  line-focused  Nd/YLF  laser  beam  incident  on  the 
cylindrical  C  target  described  in  the  section  on  an  additional 
amplifier. 

In  the  cav  itv  design,  particularly  in  choosing  distances  between 
lasing  medium  and  mirrors,  we  were  concerned  w  ith  the  possibilities 
of  damaging  the  multilayer  mirrors  by  soft  x-ray  radiation.  Recently, 
however,  Ceglio  vi  <i /.  (59)  demonstrated,  in  a  very  elegant  cavity 
experiment,  that  such  mirrors  are  quite  stable  against  soft  x-rav 
beam  damage,  even  at  a  distance  of  a  few  centimeters  from  the  lasing 
medium. 

G.iim  iii  Li-like  wib  .if  15.4  laid  12.9  nm.  Pioneering  work  for  Li-like 
Al  XI  ions,  particularly  for  die  5/-3 d  transition  at  10.5  run,  was  done 
by  Jaegle  and  his  group  (11).  using  a  Nd/glass  laser  (initial  plasma 
electron  density  ,\e  =  10;l  cm"!|  for  the  pumping  lasing  medium. 


Fig.  5.  Schematic  of 
the  COXRALM  de¬ 
signed  to  allows  biolo¬ 
gists  to  select  arid  ob¬ 
serve  live  cells  before 
recording  a  high-reso¬ 
lution  contact  image 
with  the  soft  x-ray  la¬ 
ser. 
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In  our  system  vvidi  a  CO;  pump  laser  the  initial  electron  density  is 
.Ve  =  10 19  cm'3.  For  such  an  electron  density,  the  largest  gain  in 
Al  XI  and  Si  XII  is  expected  for  the  4f-3 d  transitions  at  1 5.4  nm  and 
12.9  nm.  respectively.  The  AJ  or  Si  targets  used  in  the  experiment 
were  very  similar  to  the  SXL  C  target  with  the  exception  that  the 
blades  were  a  combination  of  lasing  element  (Al  or  Si)  and  fast 
radiator  (Fe).  The  measured  one-pass  gain  was  CL  «  3  to  4  for 
15.4-nm  radiation  and  CL  =1  to  2  for  12.9-nm  radiation.  Details 
about  the  experiment  and  theoretical  modeling  arc  presented  in  (5, 
12). 


Application  of  the  Soft  X-ray  Laser  to 
Microscopy 

Most  of  what  is  known  about  the  internal  structure  of  cells  has 
been  learned  by  the  development  and  application  of  the  techniques 
of  electron  microscopy,  This  knowledge  rests  on  the  premise  that 
the  intensive  procedures  necessary  to  prepare  a  specimen  for  elec¬ 
tron  microscopy  do  not  significantly  influence  the  structure,  form, 
and  high-resolution  detail  observed  Nonetheless,  unanswered  ques¬ 
tions  remain  about  the  fidelity  of  the  image  of  a  cell  that  has  been 
fixed,  stained  vv  ith  heavy  metals,  and  sectioned  to  the  original  liv  ing 
cell.  X-ray  microscopy  otters  a  new  way  to  look  at  unaltered  cells  in 
their  natural  state.  The  absorption  edges  in  the  x-ray  spectra  of 
naturally  occurring  cell  constituents  provide  contrast  without  the 
addition  of  heavy  metals  to  the  cell  necessary  in  electron  microscopy 
Work  has  begun  in  using  high-brightness  synchrotrons  and  soft  x- 
ray  lasers  as  light  sources  for  x-ray  microscopy  (40)  Biologists  have 
long  dreamed  of  observing  the  form  and  function  of  living  cells  at 
high  resolution.  The  short,  nanosecond  pulse  length  of  soft  x-ray- 
lasers  offers  the  potential  of  observing  a  cell  that  was  alive  the  instant 
before  a  flash  exposure  of  a  soft  x-ray  laser  recorded  its  image  The 
necessary  radiation  dose  levels  make  it  unlikely  that  the  cell  will 
survive  the  exposure,  but  exposures  of  different  cells  should  make  it 
possible  to  piece  together  new  information  about  dynamic  processes 
inside  cells. 

Work  has  begun  at  Princeton  to  use  the  18.2-nm  laser  (SXL)  for 
soft  x-ray  contact  microscopy  of  biological  specimens  (This  work  is 
also  closely  related  to  x-ray  microlithographv  )  The  ultimate  goal  of 
our  x-ray  laser  microscopy  program  is  to  obtain  images  of  living 
cells.  The  details  of  this  work  as  well  as  our  other  work  with  soft  x- 
rav  laser  microscopy  are  described  in  (7,  41,  42). 

In  the  x-ray  laser  microscope,  a  thin  (-0.1-nm)  silicon  nitride 
window  square  separates  the  vacuum  tube,  in  which  x-rays  travel, 
from  the  biological  cells  located  on  photoresist  at  atmospheric 
pressure.  We  have  demonstrated  that  the  SXL  beam  has  sufficient 
energy  to-exposc  images  on  photoresist  in  a  single  shot.  In  x-ray- 
contact  microscopy,  magnification  is  obtained  when  the  exposed 
photoresist  is  viewed  in  a  scanning  electron  microscope  (SEM). 
Images  of  diatom  fragments  (the  silicified  skeleton  of  planktonic 
algae)  on  photoresist  indicated  that  the  resolution  on  the  photoresist 
w-as  better  than  0. 1  pun.  One  may  also  regard  diatom  fragments  as  a 
kind  of  lithographic  mask  and  an  illustration  of  the  potential 
application  of  the  SXL  to  microlithography. 

We  have  built  a  Composite  Optical/X-ray  Laser  Microscope 
(COXRALM),  shown  schematically  in  Fig.  5  and  described  in  (7, 
42).  COXRALM  is  designed  to  allow  a  biologist  to  select  and 
observe  live  biological  cells,  using  an  optical  phase-contrast  micro¬ 
scope  (45),  and  then  create  a  high-resolution  image  of  the  cells  on 
photoresist  with  the  SXL  beam.  The  first  results  were  obtained  with 
dehydrated  cells  to  optimize  image  contrast  and  resolution  without 
the  technicalities  of  handling  wet,  live  cells.  Figure  6  shows  a  SEM 
image  ofta  replica  produced  by  the  18.2-nm  SXL  of  dehydrated 
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Fig.  6.  Falsccolor  SEM  image  of  a  replica  of  a  HeLa  cell  that  was  subject  to 
a  ural  infection.  The  replica  seas  generated  by  contact  microscopy  with  the 
18.2-nm  laser.  The  computer-generated  false  color  enhances  the  contrast  of 
the  cell  features.  Scale  bar.  10  jam. 

HeLa  cells  (Helen  Lane  cervical  cancer  cells)  obtained  from  the 
Biology  Department  of  Princeton  University.  Presently  our  work  is 
concentrated  on  experiments  with  live  cells  in  a  wet  environment 
and  on  the  development  of  a  new  Imaging  Soft  X-ray  Laser 
Microscope  (LXRALM). 


Future  Prospects 

Rapid  progress  in  soft  x-ray  laser  development  has  been  made. 
Especially  exciting  is  progress  in  the  miniaturization  of  soft  x-ray 
lasers  and  the  start  of  work  on  their  applications.  The  general  impact 
soft  x-ray  lasers  will  have  in  science  and  technology  will  depend  on 
improvements  in  both  their  performance  and  their  cost.  It  is 
necessary  for  their  successful  commercialization  that  these  devices 
operate  routinely  at  high  gain-lengths  (GL  >  4),  with  the  use  of  a 
low-cost  driver  laser,  and  this  needs  more  system  development  and 
engineering.  Most  applications  of  vjsiblc-wavelength  lasers  arc 
based  on  the  fact  that  the  brightness  of  these  lasers  is  several  orders 
of  magnitude  greater  than  that  of  conventional  spontaneous  emis¬ 
sion  sources,  and  this  is  achieved  principally  bv  the  laser  cavity 
mirrors.  This  technology  is  significantly  more  difficult  in  the  x-ray 
region  because  of  intrinsic  limitations  of  x-ray  absorption  in  materi¬ 
als  and  present  limits  in  the  soft  x-rav  laser  pulse  lengths.  Nonethe¬ 
less,  a-=  “revolution"  {44)  in  x-ray  optics  is  under  way  and  the 
precedent  of  \  isible-wavclength  lasers  illustrates  the  potential  bene¬ 
fits  awaiting  the  creative  inventor  of  applications  of  this  technology 
to  novel  fields. 
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Recent  experiments  on  soft  x  rax  amplification  in  lithiumlike  ions  in  a  CO.,  laser  produced  recombining  plasma 
confined  in  a  magnetic  field  are  presented.  The  maximum  gain-length  IGL)  products  observed  are  GI.  =  .8-4  for 
the  15-1-A  4/— 3rf  transition  in  A1  xt  and  GL  =2  1-2  for  the  129-A  4 f-id  transition  in  Si  XII.  A  one-dimensional 
hvdrodvnamic  code  with  a  collisional-radiative  atomic  model  was  used  to  model  the  plasma,  and  the  theoretical 
predictions  of  gain  agree  well  with  the  observations.  Descriptions  of  both  hydrodynamic  and  atomic  physics  codes 
are  given. 


1.  INTRODUCTION 

Since  the  demonstration  of  high  amplification  of  soft  x  rays 
in  laser-produced  plasmas,1  J  different  approaches  to  im¬ 
prove  x-ray  laser  characteristics  to  shorter  wavelengths, 
higher  power,  better  coherence,  narrower  divergence,  and 
better  efficiency  are  being  pursued  at  several  'laboratories.'1"11 
In  terms  of  improving  the  power,  coherence,  and  divergence, 
we  have  developed  an  experimental  system  with  which  a 
series  of  experiments  on  soft-x-ray  laser  cavities  will  be  per¬ 
formed.  An  x-ray  laser  operating  wavelength  between  the  K 
edge  of  carbon  at  44  A  and  that  of  oxygen  at  25  A  would  be 
optimal  in  terms  of  penetration,  contrast,  and  resolution  for 
microscopy  of  biological  specimens. 

At  Princeton  University  we  are  using  two  approaches  to 
make  a  shorter-wavelength,  soft-x-ray  laser.  One  approach 
is  to  produce  a  population  inversion  in  Kr-  or  Ar-like  ions 
through  selective  excitation  by  multiphoton  transitions’2  or 
inner-shell  ionizations.  The  inner-shell  ionization  scheme 
was  proposed  initially  by  Duguay  and  Rentzepis,'1  modified 
later  by  McGuire,14  and  recently  demonstrated  experimen¬ 
tally  at  1089  A.s  9  In  our  approach  the  plasma  of  the  desired 
ionization  stage  will  be  produced  by  a  U02  or  Ndiglass  laser 
and  then,  through  multiphoton  transitions  or  inner-shell 
ionizations,  will  be  excited  by:a  powerful  picosecond  laser. 
The  instrumentation  for  this  approach  has  been  developed, 
and  a  series  of  experiments  is  planned  for  the  near  future. 

The  subject  of  this  paper  is  an  approach  based  on  a  recom¬ 
bination  scheme  using  magnetically  confined  100-kG)  Li- 
like  ions  produced  by  an  ~500-J,  50-70-nsec  C02  laser. 
This  scheme  has  been  successfully  used  to  make  a  soft-x-ray 
laser  in  H-like  C  vi  with  the  following  characteristics:  182- 
A  wavelength,  amplification  by  a  factor  of  500, 1-3-mJ  pulse 
energy,  10-30-nsec  pulse  duration,  and  5-mrad  beam  diver- 
gence.*5 

An  extensive  series  of  experiments  for  developing  a  soft-x- 
ray  laser  using  Li-like  ions  has'been  performed  by  Jaeglfe  et 
alP  In  these  experiments  a  Nd  laser  produces  a  freely  ex¬ 
panding  plasma,  generating  a  population  inversion  between 
5/;and  3d  levels  in  Li-like  A1 XI,  and  a  gain-length  product  of 
2-2.5  between  those  levels  has  been  reported.  More  recent¬ 
ly,  Jaegle  and  his  group,  in  experiments  in  collaboration  with 
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the  Rutherford-Appleton  Laboratory  also  measured  gain 
for  the  4/~3d  transition  in  Li-like  A1  XI,  using  a  C  fiber 
coated  with  a  thin  layer  of  A!.1'  At  Princeton  University, 
early  investigations  of  Li  like  spectra  have  also  shown  evi¬ 
dence  of  population  inversions  between  the  3d  and  4/  levels 
in  O  vi  and  Ne  Viu,"5  with  an  estimated  gain  of  1.8  cm~ 1  for 
the  case  of  O  VI. 

In  the  recombination  scheme  a  powerful  laser  is  focused 
onto  a  solid  target,  creating  a  large  population  of  ions  in  an 
ionization  stage  above  the  one  in  which  a  population  inver¬ 
sion  between  excited  levels  is  desired,  i.e.,  He-like  ions  for  a 
population  inversion  in  Li-like  ions.  Then,  rapid  cooling 
after  the  laser  pulse  by  radiation  (impurities  are  added  to 
increase  the  radiative  cooling)  and  the  maintenance  of  a  high 
electron  density  of  nP  ~  5  X  1018  cm* 1  by  the  magnetic  field 
make  favorable  conditions  for  a  population  inversion  be¬ 
tween  two  lew-lying  excited  levels  such  as  4/: and  3d  levels  in 
Li-like  ions.  At  a  relatively  low  electron  temperature  and 
high  electron  density,  three-body  recombination  followed  by 
cascading  processes  dominates  collisional  ionization  and  ex¬ 
citation  processes,  populating  the  upper  level  (4/j  while  the 
lower  level  (3d)  decays  rapidly  by  its  strong  radiative  transi¬ 
tion.  In  this  way  a  population  inversion  between  two  excit¬ 
ed  levels  is  created. 

An  important  feature  in  Li-like  ions  is  the  fast  radiative 
transition  of  the  3d  level  to  2 p  due  to  the  largv  overlap  of  the 
radial  wave; functions  of  those  levels,  so  that  the  3d  level  is 
rapidly  depopulated  during  the  recombination  phase,  per¬ 
mitting  a  population  inversion  to  build  up.  Another  merit 
of  Li-like  ions  is  a  lower  ionization  potential  than  H-like  tons 
with  a  comparable  lasing  wavelength.  For  example,  Si  XII 
has  an  ionization  potential  of  523  eV  for  a  4/-3d  transition  at 
129  A,  compared  with  H-like  N  vn,  which  has  an  ionization 
potential  of  667  eV  for  a  3-2  transition  at  134  A.  However, 
for  a  given  plasma  electron  density,  such  as  may  be  limited  to 
approximately  1  x  10!3  cm  ~\  which  is  the  critical  density  for 
the  C02  laser,  the  ion  density  of  Si  XII  is  lower  than  that  of 
N  vii.  The  trade-off  between  these  and  other  factors  is  a 
subject  of  theoretical  and  experimental  investigations. 

In  Section  2  we  discuss  the  main  features  of  the  one¬ 
dimensional  Lagrangian  hydrodynamic  code  and  the  atomic 
in  Eq.  (3)  is  the  energy  equilibration  time  between  electrons 
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physics  code  applied  to  the  modeling  of  time  det  elopment  of 
the  gain  in  the  recombining  Li-like  plasma.  In  Section  3  the 
experimental  setup  and  results  are  presented  and  compared  . 
with  theoretical  calculations. 


2.  THEORETICAL  MODEL 


A.  Hydrodynamic  Model 

In  this  section  we  discuss  the  basic  features  of  the  one¬ 
dimensional  hydrodynamic  model.1'  which  was  developed  to 
provide  insight  into  the  behavior  of  the  magnetically  con¬ 
fined.  laser-produced  C  plasma  used  in  the  182-A  soft-x-ray 
laser.  One  of  the  first  hydrodynamic  computer  codes  was 
developed  at  the  Naval  Research  Laboratory  and  was  used 
to  study  the  laser-produced  plasmas.19  A  more  detailed 
description  of  this  model  will  be  published  elsewhere.  The 
hydrodynamic  code  with  atomic  data  on  the  experimental 
species  (in  our  case  A1  or  Si)  and  the  atomic  physics  code 
(discussed  below »  for  Li-like  ions  permitted  us  to  simulate 
experiments  with  Li-like  ions. 

The  basic  equations  to  be  solved  for  a  cylindrical  plasma 
are  presented  here.  The  continuity  equation  is  g  vtn  by 


dt  r  dr 


irn,v) 


(I) 


where  n.  is  the  population  of  the  ground  state  of  the  ith 
ionization  stage,  c  is  the  mean  fluid  velocitv,  and  d,  is  given 
by 


o  =  -n,n,R.  -  nen  S,  +  n.n, 


where  S  is  the  collisional  ionization  rate  from  the  ground 
state  of  the  ith  ionization  stage-’0  and  R,  represents  the  cold- 
sional  dielectronic  recombination  coefficient  of  Sum¬ 
mers.-1  •"  Summers  has  calculated  this  coefficient,  taking 
into  account  recombinations  to  and  ionizations  f:;m  excited 
and  ground  states.  Recombination  to  and  ionization  from 
neutrals  are  neglected  because  we  are  interested  in  a  high 
ionization  stage,  e.g.,  Al1"*'.  The  second  term  on  the  right- 
hand  side  of  Eq.  (1)  takes  into  account  the  ion-ion  diffusion 
process.  The  transport  of  He-like  A1  XJI  from  the  central 
laser-heated  region  to  the  off-axis  cold  region  where  they 
recombine  into  Li-like  ions  is  crucial  to  the  generation  of 
high  gain.  Figure  1  shows  the  variation  ofthe  maximum 
gain  for  the  4/-3d  transitions  Li-like  A1  XI  and  the  radial 
position  where  the  maximum  gain  occurs  with  different  val¬ 
ues  of  the  diffusion  coefficient.  This  was  generated  with  the 
laser  input  energy  kept  constant.  D  =  5  X  10*  cm-’/sec  was 
chosen  throughout  the  calculations  because  it  produces  the 
highest  gain  at  the  proper  position  observed  experimental¬ 
ly.'1  This  value  is  several  orders  of  magnitude  higher  than 
the  classical  diffusion  coefficient  at  T,  =  100  eV  and  n,2l 
X  10||J  cm-1.  To  understand  this  discrepancy  requires  an. 
investigation  of  diffusion  processes  in  the  laser-produced 
dense  plasma,  which  is  beyond  the  scope  of  the  present 
paper. 

The  equation:of  motion  is 

+  +  +  nr,)  +  Q|- =  (2) 

\dt  dr)  dr1  €  e  ‘  4jt  dr 

where  M  is  the  ion  mass,  n  is  the  total  ion  density,  n  =  n,,  k 


Diffusion  Coefficient  ( tC*1  err, 2  sec) 

Fig,  1.  The  maximum  gain  and  its  position  versus  the  diffusion 
coefficient  with  laser  input  energy  and  amount  of  impurity  iFet  kept 
constant,  filled  circles,  the  maximum  gain  of  the  4 /-3d  transition  in 
Li-like  A1  XI,  crosses,  the  radial  position  where  the  maximum  gain 
occurs.  Lines  are  drawn  beween  points  as  a  visual  aid. 


is  the  Boltzmann  constant,  T,  and  T,  are  the  electron  and  ion 
temperature,  respectively,  and  B  is  the  magnetic  field 
strength.  Q  denotes  the  artifical  viscosity  term  to  handle 
the  shock  wave  due  to  the  strong  expansion-1: 


if  ~<0 

dr 

if  ^>0 
dr 


where  A  is  a  constant  and  m  chosen  in  such  a  way  that  no 
numerical  instabilities  take  place  because  of  the  propagation 
of  a  shock  wave. 

Laser  radiation  is  absorbed  by  electrons,  and  electrons 
exchange  their  energy  with  ions  at  tne  classical  equipartition 
rate.  It  is  assumed  that  the  shock  wave  heats  only  and 
that  the  electrons  behave  adiabatically.  Then,  the  electron 
temperature  is  given  by 


Id.  .  ,  2  1  1  d 
--r-(rv)  +  T  — -T- 
r  dr  3  n,-rdr 


+ 


111 

3  n. 


T.-T, 


llL-lp 

3  n,  3  J,om' 


(3) 


where  k,  is  the  electron  thermal  conductivity  divided  by  the 
Boltzmann  constant  k,  terms  on  the  right-hand  side  repre¬ 
sent  work  done  on  expansion,  thermal  conduction  losses, 
and  ohmic  heating  due  to  the  induced  current,  energy  trans¬ 
fer  to  ions,  and  laser  energy  input,  respectively,  and  the  last 
term  is  energy  losses  by  atomic  processes: 


p  =  p 

*  atom  1  m 


+ 


-p„ 


,  +  P.r 


Here  Pfad  denotes  the  total  energy  loss  by  resonant  radia¬ 
tions  following  collisional  excitations,  Pionization  is  the  total 
energy  loss  by  ionization.processes,  Precombination  is  the  total 
energy  recovery  by  recombination  processes,  and  Piropu„ty  is 
the  total  energy  loss  by  an  impurity  (Fe  in  our  calculation). 
The  ohmic  heating  term  is  defined  by  the  plasma  resistivity 
n  as  e.j  -  [cV(4 ir)2}(dB/dr)2,  where  c  is  the  speed  of  light.  r(q 
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and  ions,  and  is  the  powerper  unit  volume  absorbed  by 
electrons  from  the  laser.  Impurities  are  assumed  to  be  dis¬ 
tributed  uniformly,  Data  for  the  electron  cooling  rate  of  Fe 
in  a  dense,  transient  plasma  are  not  available.  As  a  first 
approximation,  we  have  used  the  radiation  cooling  rates  of 
Post  et  al.1*  for  a  steady-state  coronal  plasma.  At  high 
electron  densities,  the  radiation  cooling  coefficient  per  elec¬ 
tron  per  ion  is  reduced  because  of  the  decrease  of  energy  loss 
through  An  =  0  transitions  as  a  result  of  the  increase  of 
collisional  deexcitation  rates.-3  Figure  2  shows  the  reduc¬ 
tion  factor  of  the  radiation  cooling  coefficient  per  electron 
per  ion,  1  +  n,SimuMim,  versus  the  electron  temperature  for 
An  =  0  transitions  in  Fe  at  given  electron  densities.  Sm," 
and  Ain,  are  collisional  deexcitation  and  radiative  transition 
rates,  weight  averaged  over  the  possible  allowed  An  =  0 
transitions.  Expressions  by  Post  et  al.1*  in  an  average-ion 
model  were  used  for  S^11  and  Aim.  At  the  condition  when  Tr 
=  5  eV  and  n,.  as  4  X  1018  cm--1,  the  radiation  cooling  rate  of 
Post  et  al.  would  be  reduced  by  approximately  1  order  of 
magnitude.  More-complete  calculation  of  the  cooling  rate 
by  Fe  in  the  high  electron  densities  above  the  coronal  limit  is 
planned  by  using  an  average-ion  model.  Results  with  the 
present  code,  however,  are  in  reasonable  agreement  with 
experimental  data,  as  is  discussed  in  Section  3. 

The  ion  temperature  is  governed  by 


dj\  .dl± 

dt  dr 


2  115/  dTA  Te-T, 

3  n  r  dr  \  |f  dr  )  r 


(4) 


The  first  term  on  the  right-hand  side  includes  the  heating  by 
the  shock  wave,  x,  is  the  ion  thermal  conductivity  divided 
by  the  Boltzmann  constant  k.  Expressions  by  Braginskii26 
are  used  for  x,  and  x,. 

Finally,  the  equation  for  the  magnetic  field  is  given  by 


dB  ^  dB 

¥  +  l'¥ 


B  3  ,  ,  ,  1  d  I  c2  dB\  ... 

—  (ri?)  H —  —  — nr—  •  (o) 

r  dr  r  dr  dr  J 


A  Lagrangian  scheme  has  been  adopted  to  solve  Eqs.  (U- 
(5).  The  difference  equations  are  written  in  such  a  way  that 
Eqs.  (1),  (3),  (4),  and  (5)  are  treated  implicitly,  and  Eq.  (2)  is 
treated  explicitly.23  The  spatial  grid  structure  has  30  grid 
points,  and  the  final  grid  point  was  taken  to  be  at  5  mm,  with 
the  grid  size  increasing  exponentially  from  a  minimum  size 
of  20  Aim  at  the  center.  In  this  way  we  can  preserve  as  much 
detail  as  possible  near  the  central  region,  which  we  are  inter¬ 
ested  in,  and  use  the  computer  CPU  time  more  efficiently. 

The  plasma  outer  radius  Rn  (5  mm  in  calculation)  is  much 
larger  than  the  central  region  (which  is  typically  within  a  1.5- 
mm  radius).  The  boundary  conditions  are 

Te,-~Tl)t  B  -*  B0,  as  r  —  ft0, 


and  at  the  origin 


dr 


0, 


as  r  —  0. 


Te.(  eV) 

Fig.  2.  The  variation  of  the  reduction  factor,  1  +  n.  Stn,H/Atn,  of  the 
radiative  cooling  rate  per  ion  per  electron  with  respect  to  the  elec¬ 
tron  temperature  at  given  electron  densities.  In  low  electron  densi¬ 
ties  (filled  circles)  the  factor  approaches  unity,  but  in  high  electron 
densities  (crosses)  and  low  electron  temperature.  An  =  0  collisional 
deexcitation  rates  dominate  An  =  0  radiative  transition  rates,  re¬ 
sulting  in  the  reduction  in  the  cooling  rate.  This  calculation  was 
done  for  Fe  by  using  the  average-ion  model  used  by.  Post  et  al.11 
Lines  are  drawn  as  a  visual  aid. 


The  initial  electron  temperature  profile  is  set  to  be  Gauss¬ 
ian  with  7Vm»  =  20  eV  and  Te,mm  =  3  eV.  Then,  profiles  of 
total  ion  density,  magnetic  field,  steady-state  ionization  bal¬ 
ance,  and  electron  density  are  determined  by  using  the  local 
pressure  balance.  During  the  time  development  from  the 
plasma  described  above,  the  hydrodynamic  code  calculates, 
at  each  time  step,  various  hydrodynamic  parameters  from 
which  electron  temperature,  electron  density,  and  ground- 
state  population  of  Li-  and  He-like  ions  are  input  to  a  post¬ 
processor  atomic  physics  code  in  order  to  calculate  popula¬ 
tions  of  excited  levels  and  generate  line  intensities  and  gains 
of  various  transitions  in  Li-like  Al  XI. 

B.  Excited  States  In  the  Lithiumlike  Ion 
The  level  structure  considered  and  relevant  transitions  in 
the  atomic  physics  code  are  shown  in  Fig.  3.  Seventy-seven 
levels  up  to  the  principal  quantum  number  equal  to  12  were 
included.  A  population  inversion  between  the  4/  and  3d 
levels  is  expected  for  the  plasma  conditions  when  the  elec¬ 
tron  temperature  and  density  are  T,  c*  10  eV  and  n,  =  oX 
1018  cm-3.  In  this  region  levels  above  n  =  5  (n  is  the  princi¬ 
pal  quantum  number)  are  in  local  thermal  equilibrium 
(LTE)  with  the  ground  state  of  He-like  ions,27  and  their 
populations  are  calculated  from  the  Saha-Boltzmann  equa¬ 
tion.  Populations  of  excited  levels  from  n  =  2  to  n  =  5  are 
calculated  by  using  the  following  collisional-radiative  model. 

We  solve  the  following  coupled  rate  equation: 
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where  denotes  the  population  of  an  excited  level  /  in  the 
ionization  stage  q,  nq^\  is  the  population  of  the  ground  state 
of  the  ionization  stage  q  +  L.  Si*1  and  S/,.,11  are  the  collisional 
excitation  and  deexcitation  rate  between  levels  l  and  m. 
respectively,  «v,  and  3,.i  are  the  radiative  and  three-body 
recombination  rates,  respectively.  is  the  highest  level 
considered  (see  Fig.  3),  At*  is  the  spontaneous  emission  rate 
between  levels  l  and  m.  and  S,,;  is  the  collisional  ionization 
rate  from  level  /. 

As  discussed  by  Bates  et  aU*  relaxation  of  the  excited 
levels  is  much  more  rapid  than  that  of  the  ground  level  at  the 
densities  currently  considered.  Thus  the  left-hand  side  of 
Eq.  (6)  can  be  set  to  zero,  and  the  calculation  of  populations 
of  excited  levels  for  given  populations  of  ground  states  of 
adjacent  ionization  stages  becomes  an  inversion  of  a  matrix 
whose  elements  are  composed  of  various  rates  between  the 
levels: 

n,,  =  -E  •  C“‘,  (?) 


+  'N1  11  +  At ). 

k  •n~'l  i 

and  2  <  l,  m  <  nmax,  where  nmax  is  the  last  level  in  the 
collisional-radiative  model  (see  Fig.  3). 

The  atomic  data  on  various  atomic  processes  used  in  the 
solution  of  the  coupled  rate  equation  for  populations  of 
excited  levels  come  from  a  variety  of  sources.  Energy  levels 
and  radiative  transition  rates  were  taken  from  the  work  of 
Ling&rd  and  Nielson.-9  For  collisional  excitation  2 s-nfin  = 
4,  5,  6),  the  literature  of  Petrini  was  used,10  and  for  2p-ns. 
2 p-np,  and  2 p-nd  (n  £  2),  rates  of-Bely  and  Petrini  were 
used."  The  remaining  electron  collisional  excitation  rates 
were  estimated  from  the  interpolation  formulas  by-Mewe.*-’ 
An  expression  for  collisional  ionization  rates  from  excited 
states  by  Post  et  air*  was  adopted,  and  the  three-body 
recombination  to  excited  levels  and  the  collisional  deexcita¬ 
tion  rates  were  estimated  by  the  principle  of  detailed  bal¬ 
ance.  Only  ionization  from  an  excited  level  to  the  ground 
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Fig.  3.  Grotrian  diagram  of  Li-like  Al.  Populations  of/levels  between  n  =  6  and  n  =  12  are  calculated  through  local  thermodcnamic 
equilibrium  with  He-like  ions. 
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Target 


Fig.  4.  Experimental  setup. 


state  in  the  next  higher  ionization  stage  was  considered. 
The  radiative  recombination  rates  of  Burgess  for  H-like  ions 
was  used.  Dielectronic  recombination  processes  were  not 
included  tn  our  calculation  because  these  processes  are  ex¬ 
pected  to  be  negligible  compared  with  three-body  recombi¬ 
nation  processes  under  tht  conditions  that  we  are  interested 
in. 

The  plasma  is  assumed  to  be  optically  thin.  The  3d-2p 
transition  is  the  most  absorbable  because  its  gA  value  t g  is 
the  statistical  weight  and  A  is  the  spontaneous  emission 
rate)  is  large,  and  the  populations  of  2p  levels  is  much  great¬ 
er  than  those  of  the  excited  levels.  However,  even  for  the 
3d-2p  transition  of  Li-like  ions  in  the  transverse  spectra,  the 
plasma  in  our  experiment  is  observed  to  be  optically  thin  in 
the  transverse  direction  (as  discussed  in  Section  3). 

With  populations  of  excited  states  calculated  as  described 
above,  gains  at  the  line  center  for  4/-3 d,  4d-3p,  and  4p-3s 
transitions  and  line  intensities  of  various  transitions  shown 
in  Fig.  3  are  calculated.  The  gain  per  unit  length. G  for  a 
transition  between  levels  l  and  m  is  given  by 


G(,V,)  =  Srrc  AX  8,A,m 


(8) 


where  \/m  is  the  wavelength  of  the  l-m  transition  and  AX  is 
the  linewidth.  For  the  condition  of  maximum  gain  present- 


COj  Laser 


Fig.  5.  An  A1  disk  target  geometry  with  a  0.8  mm  x  2  mm  vertical 
slot  and  an  Al-stainless  steel  composite  blade  attached  perpendicu¬ 
lar  to  the  :get  surface. 


ed  below.  Stark  broadening  due  to  the  electron  impact  was 
smaller  than  the  Doppler  broadening  by  a  factor  of  2. 
Therefore  for  simplicity  we  have  assumed  that  the  Doppler 
broadening  is  dominant  and  T,  =  T,  for  T.  <  50  eV  through¬ 
out  the  gain  calculation. 

After  the  calculation  of  gains  and  line  intensities  as  a 
function  of  space  and  time,  the  axial  and  transverse  spectra 
for  comparisons  with  experimental  data  were  generated  by- 
integrating  the  intensity  of  each  line  over  the  spatial  region 
viewed  by  the  axial  and  transverse  spectrometers,  respec¬ 
tively.  and  then  over  time.  The  amplification  by  stimulated 
emission,  (eaL  -  1  )/GL.  in  the  axial  spectrum  was  taken  into 


Fig.  6.  (a)  Calculated  radial  profiles  of  electron  density,  electron 
temperature,  and  gain  for  the  4/-3d  transition  ( 154  A)  at  the  time  of 
maximum  gain  in  Li-like  A1 XI.  (b)  The  time  history  of  the  gain  for 
the  4/-3d  transition  in  Li-like  A1 XI  at  a  radial  position  1.2  mm  off 
axis. 
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account.  L  is  the  plasma  length,  which  was  taken  to  be  1  cm, 
as  observed  in  an  earlier  experiment.’4 

3.  EXPERIMENTAL  RESULTS  AND  THEIR 
COMPARISON  WITH  CALCULATION 

The  experimental  setup  is  shown  in  Fig.  4.  A  CO:  laser 
t— 500  •})  is  focused  onto  an  A1  or  Si  target  and  creates  a 
highly  ionized  plasma  column  confined  in  a  strong  axial 
magnetic  field.  The  m  ...imum  laser  power  density  on  the 
target  is  2  x  10' 1  W,cm-’.  A  composite  blade  made  from  a 
sandwich  of  A1  and  stainless  steel  (or  Si  and  Ti  for  Si  targets) 
is  attached  perpendicularly  to  the  target  surface  (see  Fig.  5). 
The  plasma  is  viewed  in  both  axial  and  transverse  directions 
by  multichannel  soft-x-ray  spectrometers,’,  which  produce 
time-integrated  spectra.  The  target  design  is  based  on  the  C 
target,  which  was  used  to  generate  lasing  action  at  C  VI  182 
k:  Previous  research  with  C  targets  showed  improved  axial 
uniformity  when  blades  were  incorporated  into  the  target. 
Measurement  of  the  chordal  brightness  of  Si  XII 129-A  line 
in  the  transverse  direction  with  the  present  target  (shown  in 
Fig.  5)  suggested  good  radial  symmetry.  Also  the  blade 
provides  a  way  to  introduce  impurities  (stainless  steel  or  Ti 
in  our  experiment)  for  additional  cooling. 

Theoretical  radial  profiles  of  the  electron  temperature, 


the  electron  density,  and  the  gain  at  the  time  when  the  gain 
reaches  its  maximum  in  Li-like  A1 XI  are  shown  in  Fig.  6(a). 
The  input  laser  pulse  used  in  the  calculation  has  a  Gaussian 
shape  with  the  FWHM  of  50  nsec  and  a  falling  time  of  60 
nsec.  (The  real  laser  pulse  has  a  FWHM  of  50-60  nsec  and  a 
falling  time  of  70-80  nsec.)  Fe  was  included  as  an  impurity 
to  provide  additional  cooling.  The  center  of  the  plasma  is 
heated  directly  by  the  laser,  and  a  shock  wave  is  generated 
that  transports  ions  away  from  the  central  hot  region,  pro 
ducing  favorable  conditions  for  the  gain  at  1-1.5  mm  off  axis. 
Figure  6(b)  shows  the  theoretical  time  history  of  the  gain  for 
the  4/-3d  transitions  at  a  radial  position  1.2  mm  off  axis. 
The  gain  peaks  at  87  nsec  from  the  beginning  of  the  laser 
pulse  and  has  a  duration  of  approximately  20  nsec  in  this 
particular  run.  The  double-pulse  structure  is  explained  as 
follows.  During  the  laser  pulse,  He-like  ions  created  in  the 
central  hot  region  diffuse  into  the  region  that  is  1.2  mm  away 
from  the  center  and  still  cold.  Here  they  recombine  into  Li- 
like  ions  and  produce  the  first  population  inversion.  As  the 
laser  continues  to  heat  plasma,  this  off-axis  region  is  heated, 
and  gain  disappears.  High  gain,  however,  occurs  again  at 
approximately  90  nsec  from  the  beginning  of  the  CO:  laser 
pulse,  as  the  temperature  and  density  conditions  are  more 
appropriate. 

Figure  7  shows  experimental  transverse  spectra  along  with 


Fig.  7.  (a),  (c)  Plasma  emissions  recorded  by  the  transverse  spectrometer  in  the  spectral  ranges  of  30-60  and  140-170  A,  respectively,  (b),  (d) 
Calculated  transverse  emission  spectra  in  the  spectral  ranges  30-60  and  140-170  A.  respectively.  The  linewidths  in  the  theoretical  spectra 
do  not  have  any  physical  meaning.  B  *  70  kG  were  used  in  both  experiment  and  computer  simulation. 
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Fig  8.  Axial  spectra  in  the  spectral  region  of  140-170  A.  la)  and  (c),  recorded  bv  the  axial  spectrometer  for  the  gam  and  the  nongain  region, 
respectively,  lb)  and  id),  calculated  time-integrated  axial  spectra  over  the  gain  region  and  the  nongam  region,  respectively.  B  =  70  kG  were 
used  in  both  experiment  and  computer  simulation. 


theoretically  calculated  transverse  spectra  for  comparison. 
In  the  spectral  region  of  140-170  A,  line  ratios  between  141.6, 
150,3,  and  154.7  A  in  the  experimental  spectra  [Fig.  7(c))  are 
in  good  agreement  with  those  predicted  theoretically  [Fig. 
7(d)[.  Note  that  in  Fig.  7(c)  the  line  intensity  ratio  of  the 
third  order  of  the  52.3-  and  52.45-A  lines,  which  make  up  the 
3d-2p  transition  doublet,  is  2:1.  When  we  consider  that  the 
ratio  of  gA  values  of  this  doublet  is  2:1  and  that  this  transi¬ 
tion  is  the  most  absorbable,  this  observation  indicates  that 
the  plasma  is  optically  thin  in  the  transverse  direction  for 
the  transitions  shown  in  Fig.  3.  This  is  important  as  it 
permits  the  A1  xi  52.4-A  line  to  depopulate  the  3d  level 
efficiently  and  to  generate  a  population  inversion.  Also,  in 
the  wavelength  region  of  30-60  A  (Figs.  7(a)  and  7(b)),  rea¬ 
sonable  agreement  between  experimental  and  theoretical 
spectra  is  observed  except  for  the  39.2-A  line,  4/-2p  transi¬ 
tion.  This  discrepancy  may  be  due  to  a  change  of  sensitivity 
of  the  detector  in  the  short-wavelength  region. 

The  axial  emission  is  imaged  by  a  grazing-incidence  mir¬ 
ror  onto  the  entrance  slit  of  a  multichannel  soft-x-ray  spec¬ 
trometer,  as  shown  in  Fig,  4.  The  mirror  is  constructed  by 
bending  a  glass  strip;  thus  the  optical  quality  of  the  system  is 
not  ideal.  However,  a  transverse  scan  of  the  axial  spectrom¬ 


eter  allows  us  to  view  different  ~200-Mm-wide  plasma  re¬ 
gions.  By  changing  the  transverse  position  of  the  axial  spec¬ 
trometer,  the  geometry  of  the  present  experimental  setup 
(the  small  acceptance  angle,  1.6  mrad,  by  the  grazing-inci¬ 
dence  mirror)  allows  us  to  adjust  the  spectrometer  to  view 
the  region  with  high  gain  (we  refer  to  this  region  as  the  gain 
region)  or  the  region  with  little  or  no  gain  (we  refer  to  .this 
region  as  the  nongain  region).  On  the  spectrum  recorded 
from  the  gain  region,  we  expect  to  see  the  amplification  of 
the  potential  lasing  line  by  stimulated  emission.  This  effect 
was  clearly  shown  in  the  work  on  H-like  C  VI,  where  exten¬ 
sive  observations  of  absolute  intensity  and  measurements  of 
absolute  divergence  were  the  primary  evidence  for  lasing.6 

Figures  8(a):  and  8(c)  show  the  spectra  recorded  by  the 
axial  spectrometer  at  the  two  different  transverse  positions 
of  the  spectrometer.  At  one  position  the  intensity  of  the  A1 XI 
154  A  is  significantly  increased,  whereas  intensities  of  other 
transitions  remain  almost  constant.  The  ratio  of  the  line 
intensity  of  the  A1 XI 154-A  (4/-3d)  to  that  of  the  A1 XI 141-A 
(4p-3s)  line  is  three  times  higher  in  the  gain-region  spec¬ 
trum  [Fig.  8(a))  than  in  the:nongain-region  spectrum  [Fig. 
8(c)).  Gain-region  and  nongain-region  spectra  including 
the  effect  of  stimulated  emission  were  generated  theoretical- 
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ly  by  changing  the  spatial  region  over  which  the  intensity  of 
each  line  was  integrated.  The  computer  code  models  a  l- 
cm-long.  cylindrically  symmetric  plasma  and  predicts  an 
annulus  gain  region  that  is  approximately  100  wide  (see 
Fig.  6i  In  the  experiment  the  axial  spectrometer  views  a 
rectangular  plasma  region  ~200  Mm  wide.  For  the  calculat¬ 
ed  gain  region  spectrum,  a  200  Mm  X  2  mm  region  of  the 
computer-generated  plasma  was  chosen  to  include  the  high- 
gain  region,  and  the  intensity  of  each  line  was  integrated 
spatially  over  that  region  and  then  over  time.  For  the  non¬ 
gain  region  spectrum,  the  integration  region  did  not  include 
the  gain  region.  As  observed  in  the  experimental  spectra, 
the  ratio  of  the  154-  to  141 -A  line  intensity  is  approximately 
three  times  larger  in  the  calculated  gain-region  spectrum 
(Fig.  8ibil  than  in  the  calculated  nongain-region  spectrum 
(Fig.  8(d)]  for  the  model  plasma,  which  has  a  gain-length 
product  GL  =  3.7.  The  difference  of  a  factor  of  1.7  in  the 
ratio  of  the  line  intensity  of  154  to  141 A  between  experimen¬ 
tal  and  theoretical  spectra  could  be  due  to  the  variation  of 


spectrometer  detector  sensitivity  with  wavelength,  which 
has.  of  course,  no  effect  on  present  results  for  relativ  e  v  alues 
of  line  intensities  for  the  gain  and  the  nongain  region. 

Comparison  of  the  axial  spectrum  in  the  spectral  region  of 
30-60  A  between  experiment  and  calculation  is  show  n  in  Fig. 
9.  The  experimental  spectra.  Figs.  9(a)  and  9(b).  corre¬ 
spond  to  the  nongain-region  and  the  gain-region  spectra, 
respectively.  Theoretical  spectra  were  produced  by  inte¬ 
grating  each  line  over  the  nongain  region  (Fig.  9(c)]  and  the 
gain  region  (Fig.  9(d)],  as  in  Fig.  8.  Estimation  from  Eq.  (8) 
shows  that  at  conditions  of  T,.  =  5.0  eV  and  n_  =:  3  X  101' 
cm*1  the  optical  depth  of  the  52.3-A  resonance  line  is  ap¬ 
proximately  300  Mm,  which  is  quite  small  compared  with  the 
axial  length  of  the  plasma,  1  cm.  Because  of  the  strong  self¬ 
absorption  of  the  52.3-A  resonance  line  in  the  axial  direction, 
comparisons  involving  the  52.3-A  line  are  of  limited  value 
because  the  present  code  does  not  account  for  opacity. 
There  is,  however,  one  interesting  observation  that  the  ratio 
of  intensities  of  the  48.3-A  line  (3p-2s  transition)  to  54.4-A 


Fig  9  Axial  spectra  in  the  spectral  region  of  30-60  A.  (a)  and  (b),  recorded  by  the  axial  spectrometer  for  the  nongain  and  gain  regions, 
respectively,  (c)  and  (d),  calculated  time-integrated  axial  spectra  over  the  nongain  region  and  the  gam  region,  respectively.  B  =  70  kG  we'e 
used  in  both  experiment  and  computer  simulation. 
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Fig.  10.  <ai  Observed  a iic  predicted  line  intensity  ratio  versus  horizontal  position  of  the  axial  spectrometer  showing  the  rise  in  relative 
intensity  ot  the  A1 M  4/-Ju  transition  at  154.7  A  in  the  region  of  the  plasma  with  gain,  filled  circles,  experimental  data,  open  circles,  modeling 
n  ith  peak  gain-length  product  GL  =  1.6.  crosses,  modeling  with  peak  gain-length  product  GL  ■  3.7.  lb)  The  line  ratios  of  Si  X1I129  to  1 19  A 
and  Si  Ml  129  to  126  A  are  shown  as  a  function  of  the  transverse  position  of  the  axial  spectrometer. 


line  i3s-2p  transition)  changes  from  6.5  in  the  nongain  re¬ 
gion  (Fig.  9(c)]  to  2.5  in  the  gain  region  (Fig.  9(d)].  This 
trend  can  also  be  seen  in  experimental  spectra  [Figs.  9(a)  and 
9tb)].  The  ratio  of  the  48.3-A  line  to  the  54.4-A  line  in  Fig. 
9(a)  is  6.0.  and  that  in  Fig.  9(b)  is  4.2.  This  indicates  that 
the  population  of  the  3 p  level  relative  to  that  of  the  3s  level 
in  the  gain  region  is  lower  than  it  is  in  the  nongain  region. 
We  believe  that  the  reason  isthat  the  temperature  of  the 
gain  region  is  ~5  eV,  as  seen  in  Fig.  6(a),  and  at  such  tem¬ 
peratures  the  deexcitation  process  between  3 p  and  3s  be¬ 
comes  dominant  over  the  excitation  process,  resulting  in  a 
decrease  in  the  3 p  level  population.  Another  observation  is 
that,  in  general,  line  intensities  in  Figs.  9(b)  and  9(d)  (the 
gain  region!  are  about  one  third  of  those  in  Figs.  9(a)  ar.d  9(c) 
(the  nongain  region).  The  main  reason  for  this  is  that  our 
experimental  and  calculated  spectra  are  time  integrated  and 
include  emission  from  both  the  ionization  and  recombina¬ 
tion  phases;  emissions  during  the  ionization  phase  in  the 
nongain  region  make  significant  contributions  to  the  non¬ 
gain-region  time-integrated  spectra  because  in  this  region 
the  electron  temperature  becomes  high  (~150  eV)  enough  to 
have  n  =  3  levels  much  populated  through  collisionai  excita¬ 


tion  processes,  whereas  the  gain  region  never  reaches  a  high 
electron  temperature  and  dominant  contributions  to  the 
gain-region  spectra  come  during  the  recombination  phase. 

A  convenient  way  of  showing  the  amplification  of  the  4/- 
3d  transition  is  to  measure  the  line  intensity  of  this  transi¬ 
tion  relative  to  that  of  the  4p-3s  transition.  This  compari¬ 
son,  being  based  on  lines  in  the  same  ion  from  upper  levels 
with  the  same  principal  quantum  number,  is  independent  of 
uncertainties  in  the  exact  spatial  distribution  of  different 
kinds  of  ions  viewed  by  the  spectrometer.  The  experimen¬ 
tally  observed  change  in  the  ratio  of  the  154-  to  141-A  line 
intensities  with  respect  to  the  transverse  position  of  the  axial 
spectrometer  is  shown  in  Fig.  10(a)  along  with  computation¬ 
al  results.  The  use  of  the  A1  XI  150.3-A  line  as  a  reference 
was  avoided  for  two  reasons.  The  intensity  of  the  A1  XI 
150.3-A  line  is  unfortunately  blended  by  the  0  VLT50.1-A 
line.  The  relative  intensities  of  0  vi  lines  change  with  plas¬ 
ma  conditions,  as  shown  in  Figs.  8(a)  and  8(c),  and  it  is 
difficult  to  deconvolve  the  intensity  of  the  A1  XI  150.3-A 
line.  Another  reason  is  the  possibility  that  population  in¬ 
version  between  4d  and  3p  levels  and,  therefore,  amplifica¬ 
tion  of  the  A1 XI  150.3-  A  line  may  occur.  The  computations 
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were  performed  for  two  plasma  conditions  with  peak  gain- 
length  products  GL  =  3.7  and  GL  =  1.6,  respectively.  These 
two  conditions  were  obtained  by  changing  the  amount  of 
impurity— Fe  in  our  case— while  maintaining  a  constant 
laser  input  energy.  The  additional  cooling  due  to  an  effec¬ 
tive  Fe  concentration  of  7%  at  n,.  as  4  X  10,j  cm"*  was 
modeled  by  using  the  coronal  data-’*  with  the  Fe  concentra¬ 
tion  set  of  0.7%  (see  Subsection  2. A).  This  resulted  in  a  peak 
gain-length  product  of  GL  =  3.7.  With  an  effective  Fe 
concentration  of  5%  (i.e.,  0.5%  used  in  the  code)  the  gain- 
length  product  was  GL  =  1.6.  Experimentally,  impurities 
are  provided  by  the  interaction  of  plasma  with  the  composite 
blade  of  A1  and  stainless  steel.  It  can  be  seen  that  there  is 
good  agreement  between  the  shape  of  the  curves  for  GL  =  3.7 
and  the  experimental  data. 

Similar  experimental  have  been  performed  with  Si  xil. 
In  this  case  the  4/-3d  gain  transition  is  at  129  A  and  the 
neighboring  4d-3p  and  4p-3s  transitions  are  at  126  A  and 
1 19  A,  respectively.  The  target  configuration  was  similar  to 
Fig.  5  but  with  a  Si  disc  and  a  Si— Ti  composite  blade.  Be¬ 
cause  the  Si  XII  ionization  potential  (523  eV)  is  higher  than 
that  of  A1 XI  (442  eV)  and  the  gain  wavelength  is  shorter,  it  is 
expected  to  be  more  difficult  to  generate  gain  in  Si  XII  than 
in  A1 XI.  Preliminary  results  are  shown  in  Fig.  10(b),  where 
the  relative  intensity  of  the  129-A  line  compared  with  the 
126-  and  119-A  lines  is  shown.  The  peak  in  the  intensity 
ratios  is  a  clear  indication  of  gain-length  product,  GL.  of 
order  1-2,  and  we  expect  that  with  further  optimization  of 
experimental  conditions  higher  values  of  gain  will  be  ob¬ 
tained. 

4.  SUMMARY  AND  FUTURE  PLAN 

We  have  demonstrated  the  amplification  of  154-A  radiation 
in  A1  xi  and  129-A  radiation  in  Si  XII  for  transitions  between 
the  4/  and  3d  levels  in  a  COs  laser-produced  recombining 
plasma  confined  in  a  strong  axial  magnetic  field.  The  maxi¬ 
mum  gain-length  products  observed  are  GL  ~  3-4  for  154  A 
in  A1 XI  and  GL  ~  1-2  for  129  A  in  Si  XII. 

A  one-dimensional  hydrodynamic  code  with  a  postproces¬ 
sor  atomic  physics  code  was  used  to  simulate  the  experi¬ 
ment.  It  was  shown  that  the  theoretical  spectra  are  in  good 
agreement  with  experimental  data,  even  though  there  are 
several  assumptions  in  the  simulation  that  simplifies  the 
real  situation:  a  cylindrically  symmetric  plasma,  uniform 
distribution  of  impurities,  and  approximation  to  the  energy 
loss  rate  of  the  impurity  in  a  transient,  high-electron-density 
plasma  by  scaling  steady-state  coronal  cooling  data. 

In  terms  of  increasing  the  power  level  of  the  present  soft- 
x-ray  laser,  a  large  increase  in  brightness  is  potentially  possi¬ 
ble  if  a  cavity  formed  by  two  soft-x-ray  mirrors  is  applied  to  a 
high-gain  medium.  Soft-x-ray  mirrors  with  reflectivities  in 
excess  of  40%  at  182  A  recently  became  available,  and  a 
cavity  formed  by  two  such  mirrors  combined  with  a  gain 
medium  with  a  gain-length  product  of  GL  >  3  should  oscil¬ 
late,  provided  that  the  gain  duration  is  sufficient  for  several 
round  trips  of  light  between  the  mirrors  ( >  10  nsec) .  A 1 20% 
Increase  in  stimulated  emission  was  observed  in  early  experi¬ 
ments  by  using  one  mirror  of  12%  reflectivity  in  a  double- 
pass  configuration,'*-36  but  mirror  alignment  posed  severe 
difficulties.  A  new  experimental  setup  to  overcome- these 
problems  has  been  constructed,  and  cavity  experiments  are 
planned  for  the  near  future. 
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